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ABSTRACT
Durability, power density, and energy density are the three key factors for an energy storage
system that make the device promising for any portable electronic and automobile applications.
For the past few decades, lithium-ion battery (LIB) technology has attracted considerable
attention because of its promising electrochemical properties. As a classic example, olivinestructured LiFePO4 cathode has risen to prominence as a key material for batteries in many
commercial applications. The increasing demands for lithium based batteries are yet to be
complemented by its supply. Thus, it will be difficult for stand-alone lithium based batteries to
meet the increasing demands for electric vehicles, grid-scale energy storage, and portable
electronic devices markets. These huge demands have made researchers to focus on improving
the performance of existing lithium material by introducing conducting secondary phases such as
carbon, doping the active material with a cationic phase, nanostructuring the active material,
engineering the device, etc. The realization of increasing energy demands has also led scientists
to work on alternate energy storage areas such as sodium ion batteries (SIBs), potassium ion
batteries (PIBs), magnesium ion batteries (MIBs), etc. Among them, SIBs are considered to be
an ideal substitute or alternative to LIBs, since the properties and electrochemical storage
mechanism of lithium and sodium are more or less similar. Another attractive feature of sodium
is its abundance (considered to be practically inexhaustible) and its even distribution around the
world, with a Clarke’s number of 2.644 (an indication of material’s abundance), which makes
sodium cost effective and potentially able to satisfy increasing energy demands in the future.
Nevertheless, considering their energy density as well as their durability, the SIBs are still behind
the LIBs. In order to address this issue, new high voltage materials which can provide stable
performance are highly sought after. The scope of this thesis work is mainly to try to understand
viii

and address the aforementioned problems from the perspective of both LIBs and SIBs. The thesis
starts by analyzing the electrochemical properties of high capacity materials such as sodium
superionic conductor (NASICON) Li3V2(PO4)3 (LVP) based LIBs and proposes methods to
improve its electrochemical characteristics. Monoclinic LVP has received considerable attention
due to its high theoretical capacity of 197 mAh g −1 and its stable crystal structure, which enables
three-dimensional (3D) pathways for Li+ insertion/extraction, in contrast to the one-dimensional
(1D) Li+ pathways exhibited in olivine structures such as LiMPO4 (M = Fe, Co, Ni, Mn, etc.).
This makes LVP a promising candidate for high rate applications due to its higher Li+ diffusion
efﬁciency and intercalation potential, resulting in improved electrochemical characteristics. The
diffusion coefﬁcients of LVP (10

−9

– 10 −10 cm 2 s

than the reported values for LiFePO4 (10

−14

−1

) are about ﬁve orders of magnitude higher

– 10 −16 cm 2 s

−1

)]. On the downside, however, like

most polyanion systems, the slightly distorted and separated VO6 octahedra minimize the
electronic conductivity of the compound (2.4 × 10 −7 S cm −1 at room temperature), which brings
down its performance. In order to address this problem, we have synthesized novel 3D LVPreduced graphene oxide (LVP-rGO) porous structures processed by the lyophilization technique.
This method ensures the maximum utilization of the active redox surfaces of LVP by developing
an open porous framework that can potentially serve as a source of abundant redox sites. This
structure also ensures the uniform distribution of the electrolyte all over the electrode surface and
bulk, which facilitates efﬁcient mass transport between the electrolyte and electrode. The
highlight of this study was its noteworthy cycling performance, as these lyophilized samples at
0.5 and 1 C do not show any fading, even after 1000 and 5000 cycles, respectively. Moreover, a
capacity retention of ~96.2% is observed at the end of 10 000 cycles at 20 C.

ix

As a further culmination of the above work, which led to the realization of the beneficial aspects
of using the 3D NASICON based structure, we focused on Na3V2(PO4)3 (SVP) as an electrode
for SIBs. The phase of SVP attained was similar to LVP, but with better structural stability and
ion diffusion. SVP was prepared by using a microwave hydrothermal technique followed by
annealing to obtain an in situ rGO coating on the SVP structure. In this study, we observed that
the thin layered rGO grafts could provide improved electronic conductivity and electrochemical
performance because of their effective current collection properties. A noteworthy cycling
performance (6000 cycles with more than 85% initial capacity retention) and rate capability were
observed, which was attributed to the lower hysteresis voltage and stable rGO grafting onto the
3D network of SVP. This system also demonstrated a promising specific discharge capacity of
117 mAh g-1 at 0.5 C.
From a battery manufacturer’s standpoint, however, prime importance is always given to the
material abundance while designing an electrode, e.g. iron, which is an abundant element in
nature whilst vanadium is not, along with being environmentally unfriendly. So, the focus shifted
to developing a novel iron based NASICON structure having a stable Fe3+/Fe4+ redox couple for
SIBs. It is quite logical that the utilization of sodium and iron will be an ideal solution for largescale energy storage devices. Here, we utilized a simple solid state technique to obtain
Na3Fe2(PO4)3 (SIP) coated with conducting carbon. We observed > 96% capacity retention after
200 cycles. To the best of our knowledge, this is the best-ever reversible Fe3+/Fe4+ redox
potential to date. In this study, we gained an in-depth understanding of this outstanding Fe3+/Fe4+
reversibility in the three-dimensional (3D) NASICON structure and gained new insights on how
these electrodes could be used at higher operating voltages. On extending its potential window to
1.5‒4.2 V (vs. Na/Na+), the result was a noteworthy specific capacity of ~109 mAh g-1 at 0.1 C.
x

The findings in this study open up the possibility of exploiting the Fe3+/Fe4+ redox couple in
different iron-based materials to developing future cathode materials for rechargeable batteries.
This work concludes by reporting results on the scaling-up and full cell fabrication of SIP coated
with conducting carbon (SIP-C). In this section, the half-cell performance of SIP-C as cathode
with hard carbon (HC) and sodium titanate (NTO) as anode was investigated independently,
followed by the fabrication of a full coin cell. The performance of the full cell was observed to
be promising, although detailed understanding and optimization of the electrochemistry of this
full cell require further investigation.

xi
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Chapter 1
INTRODUCTION
1.1.Research background:
The depletion of existing energy resources and the resulting pollution have led to urgency in the
search for clean sustainable sources of energy. In this regard, many electrochemical conversion
and storage units have been developed. Among the storage units, rechargeable Li-ion batteries
(LIBs) play a significant role as effective and efficient energy storage devices for a wide variety
of portable applications, such as cellular phones, laptop computers, digital cameras, etc. [1-3].
Before the commercialization of LIBs, the rechargeable Ni/Cd battery had been the only
appropriate energy storage device for portable applications, including wireless communications,
mobile computing, etc. In the early 1990s, the nickel-metal-hydride battery and LIB emerged and
competed to gain acceptance from customers [4, 5]. Over recent decades, however, the LIB has
become the most promising and widely growing battery system. Pioneer work with the lithium
metal based battery started in 1912 with G.N. Lewis, but, commercialization only took place
around 60 years after its invention. The advantages of utilizing lithium compared to all other
metals are its light weight, high electrochemical potential, and high specific energy density.
Nevertheless, rechargeable lithium batteries were not possible due to the safety issues associated
with lithium dendrite formation during charging. Hence, researchers shifted their focus to a nonmetallic lithium battery based on lithium ions. The LIB was first proposed by J. O. Besenhard in
the 1970s [6-9]. He revealed the reversible intercalation chemistry and the electrolyte
decomposition. In 1978, S. Basu revealed the intercalation mechanism of Li+ ions in graphite
electrode [10, 11]. This was considered as alternative to the lithium metal anode. In 1980, J.
Goodenough and K. Mizushima demonstrated a high voltage rechargeable cell using LiCoO2 as
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the cathode and lithium metal as the anode [12]. This invention opened up a wide range of
possibilities for different rechargeable battery applications. Later, R. Yazami explained the
electrochemical intercalation/deintercalation mechanism of lithium ions in graphite, he used
solid electrolyte to demonstrate this reversible electrochemical phenomenon and since then, the
most commonly used anode electrode for LIBs have become this graphite electrode [13]. In
1983, M. M. Thackeray and Goodenough revealed the great potential of 3D manganese-based
spinel structured material as a positive electrode material [14]. In 1985, A. Yoshino fabricated a
prototype cell using carbonaceous material as the anode and LiCoO2 as cathode without using
any metallic lithium [15]. This led to the commercialization of LiCoO2 based LIBs as
forerunners to current lithium-ion batteries. Since then, many researchers have focused their
efforts on developing new cathode materials with improved performance. Goodenough and his
co-workers have found new polyanion (e.g., sulfate) containing materials with better operating
voltage [16]. The first commercialization of an LIB took place in 1991, when Sony and Asahi
Kasei released the first lithium-ion battery onto the market [5]. In 1996, Goodenough and his
team proposed lithium iron phosphate (LiFePO4) and other similar phospho-olivine materials as
cathodes for LIBs [17]. Since the pioneering work of Goodenough’s team on LiFePO4, lithium
metal phosphate cathode materials have attracted attention as potential electrode materials for
LIBs due to their stable and safe structure. They have eliminated the risk of O2 evolution, which
can happen in conventional lithium metal oxide LIBs during the over-charging and in high
temperature applications. Hence, the focus shifted onto exploring new phosphate based olivine
materials, which included improving the performance of existing materials by doping and
coating with conductive materials. In 2002, Y. M. Chiang and his co-workers demonstrated a
significant improvement in the performance of lithium batteries by improving the conductivity of
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the phospho-olivine material by doping it with metals [18]. The exact mechanism causing the
performance improvement became the subject of widespread debate. Later, he demonstrated
increased performance of lithium ion phosphate by nanostructuring it. The reason for this
improvement was attributed to the improved surface area of the cathode material [19].
Commercialization of lithium iron phosphate in 2006 led a new dimension in LIBs for portable
electronic gadgets [20]. As of 2014, LIBs are the leading electrochemical cells for all the
portable rechargeable/ electric vehicle applications. Nevertheless, the employment of LIBs in
heavy duty applications has raised concerns, in terms of both energy and power density. Better
performance can be still achieved by using high voltage cathode materials as electrodes or by
engineering high capacity anode/cathodes. The main problem for developing high voltage
material is the lack of a suitable electrolyte. The traditional electrolytes decompose at voltages
greater than 4.2 V vs. the Li/Li+ system [21].

1.2. Motivation of the Research:
Even though the commercialized LIB materials are very promising, to meet increasing energy
demands, further strategic material optimization is required. Exploiting new cathode materials
with promising electrochemistry is one solution. Nevertheless, the limited resources of lithium
are always a concern when it comes to the supply chain of raw materials for LIB production.
This has shifted research efforts to sodium based materials where the resources are effectively
limitless. The battery chemistry and the properties of sodium based systems are more or less
similar to those of the lithium system, resulting in direct substitution for lithium in LIBs.
However, the main concern of the sodium ion batteries (SIBs) is its low electrochemical
performance as compared to LIBs. Even though both SIBs and LIBs were invented around the
3

same time, the tremendous success and commercialization of LIBs has paused research on SIBs.
But the trend has been changing where many studies have shown proven potential of SIBs from
commercialization aspect. Firms like, UK based Faradion and USA based Aquion Energy
companies are extensively working on SIBS [22]. They have introduced e-bikes based on SIBs
as a proof of concept. This has opened much room to explore and optimize new class of
electrode materials for SIBs for practical applications.

1.3. Research Summary:
The important requirements for a battery electrode material are its cost effectiveness, ease of
synthesis, feasibility for production in bulk, and environmentally benign nature. Keeping this
point in view, the present doctoral work is focused on developing high performance and longcycle-life cathode materials for LIB and SIB applications. The first part of the thesis looks into
developing high voltage and long cycle life lithium vanadium phosphate (LVP) cathode
materials and tries to understand the problems inherent in these materials from a practical
standpoint. Although this chapter (Chapter 3) reflects the feasibility of attaining a high voltage
and stable battery material, from a commercial viewpoint, the supply chain of lithium raw
material is highly localized and slowly diminishing. This has encouraged us to dwell on the
possibility of replacing lithium with sodium. Thus, the second part of the thesis (Chapter 4) is
focused on replacing lithium with sodium in LVP to obtain a well performing sodium vanadium
phosphate (SVP) cathode material for sodium ion batteries. By this time, however, the
replacement of vanadium with iron became mandatory because of environmental issues related
to vanadium toxicity and the high production cost of vanadium precursors. So, the third section
of the thesis was carried out by replacing vanadium with iron (Chapter 5). At the same time the
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quest to improve the operating voltage led us to the exploration of the higher redox couple of
iron (Fe3+/Fe4+) to obtain high voltage sodium iron phosphate (SIP) cathode materials. SIP has
been a lucrative cathode material in terms of both performance and cost. As a result, the focus
shifted to the scaling up of SIP and understanding its full cell performance. The results of this
study form the last section (Chapter 6) of the thesis. This study also includes the achievement of
an in-depth understanding of the improved electrochemical performance of the electrode
materials by means of many advanced characterization techniques.
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Chapter 2
LITERATURE REVIEW

2.1. General background:
The automobile industry has been actively looking to replace the internal combustion vehicle
(ICV) with electric vehicles (EVs), hybrid electric vehicles (HEVs), and fuel cell vehicles (FCV)
[1]. For this reason, the development of high performing batteries has become a hot topic due to
its critical role in replacing the conventional ICV.

Figure 2.1. a) The specifications of different electric and hybrid vehicles, and b) Ragone plot
showing the LIB specifications for the vehicles [2].
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In past decades, the automobile industry and associated R&D sector have put great effort into
developing EVs, HEVs, and FCVs. The main obstacle for these vehicles is the cost of production
of the battery packs used in these vehicles. To address this limitation, we need to improve the
performance of these energy storage systems in terms of stability and energy, and also find new
cost effective storage materials/ systems. LIBs have attracted considerable attention in this area.
Figure 2.1 shows a Ragone plot specifying the minimum battery requirements for different EVs
and HEVs.

2.2. Important definitions and terminology in the battery field:
To design a battery, it is important to know the important components that govern its overall
performance. Battery design comprises a combination of two or more cells connected in a series/
parallel manner to meet the requirements. The cells form the basic electrochemical unit that
contains all the mentioned components below to produce electrical energy from the stored
chemical energy. The components in a cell can be described as follows:
Electrode: The electrodes are the basic units in an electrochemical system. The two electrode
units in a cell are assigned as positive (cathode) and negative (anode). The cell voltage is
considered as the potential difference between these two electrodes. At the cathode, a reduction
reaction occurs, as it takes the electrons from the external circuit, while at anode the oxidation
reaction takes place.
Electrolyte: A medium that conducts the ions between the anode and cathode.

8

Separator: This is a porous membrane which prevents the short circuiting of both the cathode and
the anode, while, at the same time, it ensures the movement of ions through its pores. In short, it
is an ion conductor and electron insulator.
C-rate: Based on the unique architectures of the above components, the cells are charged and
discharged at a rated capacity defined in ampere-hours (Ah). The charge and discharge rates of a
battery are denoted as C-rates. 1 C, for example, means that a completely charged battery rated at
1Ah should continuously provide 1A current for 1 hour. The charging can be done by applying a
constant current regardless of the change in potential or by applying a constant voltage regardless
of the current drawn.
Based on the type of charge-discharge and the C-rate, there are several characteristics that define
the performance of a battery:
Cycle Life: The cycle life of a cell or a battery is the number of cycles that a cell or battery can
be charged and discharged under the given potential range before the initial capacity falls to
some certain level (generally 80%) of the rated initial capacity.
Cut-off voltage: The cut-off voltage is the voltage at which the discharge of the battery is
stopped by the battery management system.
Deep Cycle: A charge/discharge cycle where the battery continues to discharge to its fully
discharged state.
Energy Density: Energy density is the amount of energy stored in a given cell or battery per unit
volume (volumetric: unit: watt hours per liter (Wh/L)) or mass (gravimetric/specific: unit: watthours per kilogram (Wh/kg).
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Power Density: The power density can be expressed in terms of volumetric power density (unit:
Watts per liter (W/l)) and gravimetric/ specific power density (unit: Watts per kilogram (W/kg)).
Capacity: Capacity is the maximum stored charge that can be obtained from a fully charged
battery under certain discharge conditions. It is generally expressed in ampere-hours (Ah).
The specific capacity can be expressed in terms of both gravimetric specific capacity (unit:
ampere-hours per kilogram (Ah/kg)) and volumetric specific capacity (unit: ampere-hours per
liter (Ah/L).
Irreversible capacity: Irreversible capacity is the difference in capacity between charge and
discharge at the nth cycle as compared to the initial cycle.
Self-Discharge: The self-discharge normally defines the % of rated capacity lost per month at a
given temperature. It is the restorable loss of capacity of the cell or battery.
Coulombic efficiency: Coulombic efficiency is the ratio of the amount of charge that exits the
battery during the discharge to the amount of charge that enters the cell during the charge
process.
Open circuit voltage (Voc or OCV): OCV the difference in electrical potential between two
terminals of the cell without external current flow. Generally, it is the difference between the
electrochemical potentials of the anode and cathode.
Trickle charge: Trickle charge is a low-level charging process, where a fully charged battery
keeps charging under no load at the rate of its self-discharge. This ensures that the battery will
always be in its fully charged state.
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2.3. Lithium Ion Batteries:
2.3.1. Working principle:
Among the different battery systems, LIBs are widely used for commercial portable electronic
applications. The choice of cathode material for portable applications of LIBs varies between
LiCoO4 and LiFePO4 materials, while graphite is considered to be the most feasible choice for
the anode [3, 4]. Figure 2.2 shows the basic LIB components that are present in the commercial
battery system. The main charge storage mechanism is the intercalation/de-intercalation of Li
ions between the anode/cathode systems. Both the anode and the cathode materials are coated on
appropriate current collectors (aluminum on the cathode side and copper on the anode aide). The
electrolyte fills the space between the anode and cathode to ensure proper ionic movement
between the electrodes.

Figure 2.2. Schematic illustration of the working principle of a common LIB based on LiCo2O4
cathode and layered carbon anode [2].
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Both the anode and cathode are separated by a thin porous membrane called the separator, which
prevents the short-circuiting of both these electrodes while ensuring the movement of ions
through its pores. When the battery is charged using an external power supply, electrons are
introduced into the anode side, while lithium ions pass from the cathode from through the
electrolyte and are intercalated into the anode. During this process, electrical energy provided by
the external power source is stored in the form of chemical energy in the battery. When the
battery is discharged using an external load, the lithium ions de-intercalate from the anode side
and pass through the electrolyte until they reach the cathode, and at the same time, the electrons
pass through the external load. The conventional reaction in a LiCo2O4 based LIB system is
given below by taking it as the cathode and graphite as the anode [2].
LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe-

(2.1)

C + xLi+ + xe- ↔ LixC

(2.2)

2.3.2. Active electrode materials:
Figure 2.3 shows the performance of different active anode and cathode materials for LIBs.
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Figure 2.3. Voltage versus capacity plot of potential cathode and anode materials for LIBs [5].

2.3.2.1. Cathode materials:
In LIBs, the best performing cathodes have either a) layered structures, where the Li ion diffuses
in two-dimensional manner, b) spinel structures, which enable three-dimensional Li ion
diffusion, or c) olivine structures [2, 5].
Layered oxides:
For many decades the layered oxides, LiMO2 (M = Co, Ni, Mn, Al, etc.), have been considered
as the dominant cathode materials for LIBs.
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Figure 2.4. Structure of a typical layered oxide [6].

Among them, lithium cobalt oxide (LiCoO2, LCO) shows outstanding electrochemical
properties. LCO’s high specific energy makes it the most popular choice for portable electronic
devices. The drawbacks of LCO cells, however, are its relatively short life span, low thermal
stability, and limited rate capability. Figure 2.4 shows the typical structure of a layered oxide
system. Besides LCO, layered binary oxide systems such as lithium nickel manganese oxide
(LNMO) [7, 8] have shown promising performance when Co is doped into the crystal structure,
which increases the conductivity as well as the structural stability of the compound [9]. This
layered compound has been extensively studied by different research groups to enhance its
performance and replace LCO [10-13]. This Co doped LMNO has become the battery of choice
for many applications, including power tools, e-bikes, and other electric power trains. The
stoichiometric proportions of the Ni, Co, and Mn in Co doped LMNO can be different, such as 114

1-1 (one-third nickel, one-third manganese, and one-third cobalt), 5-3-2 (Ni: 5 parts, Co: 3 parts,
and Mn: 2 parts), etc.
Li-rich layered oxides have also attracted considerable attention because of their high specific
capacity [14-17] and low cost [18,19]. Among them, Li2MO3 (M = Ni, Mn, Co, etc.) compounds
have shown excess lithium storage capability and high voltage. Nevertheless, the rearrangement
of surface/bulk structures causes the large voltage fade and poor Li+ diﬀusion, resulting in a large
initial irreversible capacity loss, and poor cycling and rate performances [20]. Among the various
vanadium oxides, layered vanadium pentoxide (V2O5) showed better capacity by inserting
multiple Li ions. It showed poor cycling stability and rate capability, however, because of its
structural instability and low electronic/ionic conductivity [21, 22].
Spinel:
The spinel architecture forms a 3D structure (Figure 2.5), which improves the Li ion diffusion,
resulting in better rate capability. The spinel LiMn2O4 (LMO), although it has ~10% less
capacity than LiCoO2, has many advantages in terms of thermal stability, safety, cost, and
environmental friendliness [23], although its cycle and shelf lives need further improvement.
Most of the commercial LMO batteries have been blended with Co doped LMNO, however, to
improve both the energy and the cycle life. This combination is considered to bring out the best
in each system and is chosen for most market-leading electric vehicles, such as the Nissan Leaf,
Chevy Volt, and BMW i3.
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Figure 2.5. Structure of a typical cubic LMO spinel [6].

Olivine:
Like the layered and spinel oxide systems, the olivine structured materials are also considered as
promising candidates for LIB applications. In 1996, the University of Texas (and other
contributors) discovered different olivine structured phosphates (Figure 2.6) (LiFePO4,
LiMnPO4, LiNiPO4 etc.) that were promising as potential cathode materials for LIBs [24].
Among them LiFePO4 (LFP) has attracted huge attention in the scientific research community
because of its practical reversible capacity of ~153 mAh g-1,which is almost 90 % of the
theoretical capacity, with a voltage plateau of ~3.4 V. Apart from this, its other advantages are its
low cost, high safety, eco-friendly nature, and abundance. The main drawback of this material is
its poor electronic conductivity [25, 26].
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Figure 2.6. Structure of a typical olivine, LFP [27].

To improve the conductivity, many solutions, such as nanostructuring the material, doping,
employing a conducting carbon coating, etc., have been tried out. The key benefits of
commercial LFP batteries are their high current rating and long cycle life, besides good thermal
stability, enhanced safety, and high tolerance to more extreme conditions. (LFP is more tolerant
to the fully charged condition, and it shows less stress than other LIB systems if it is kept for a
prolonged time at high voltage,) Like most other commercial LIBs, however, lower temperatures
reduce its performance, and elevated temperatures compromise its lifetime. Another drawback is
its higher self-discharge property compared to other LIBs. The tolerance for moisture is also
poor. Due to its aforementioned advantages, however, it is widely used in many applications,
including portable and stationary systems which need high load current and durability.
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NASICON:
NASICON (Na Super Ionic Conductor) structured materials are considered to be an important
class of electrodes, because of the superior ionic conductivity and stable open crystal structures.
The common formula for NASICON materials are AxMM’(XO4)3, where A = Li, Na, K, Mg, Ca;
M or M′ = Fe, V, Ti, Zr, Sc, Mn, Nb, In; and X = S, P, Si, As. In general, the MO6 and M’O6
octahedral share their corners with XO4 tetrahedral structures. The ﬁrst explored NASICON
material was a solid electrolyte with a chemical formula of Na1+xZr2P3−xSixO12 (0 ≤ x ≤ 3).
Initially the NASICON materials were used as solid electrolytes for different battery systems.
Later these structures have been used as both cathode and anode materials in LIBs and SIBs, due
to the ease of insertion/de-insertion of lithium and sodium ions. As mentioned above, initially in
LIBs the NASICON based materials were investigated as solid electrolyte [28]. After the
demonstration of NASICON lithium vanadium phosphate (Li3V2(PO4)3; LVP) as a cathode
material by L. Nazar and co-workers in 2002, this material became very popular due to its
exceptional properties, including its high theoretical specific capacity of 197 mAhg-1 when
cycled at 3.0–4.8 V and its crystal structure, which enables 3D pathways for Li+
insertion/extraction (Figure 2.7), in contrast to the 1D Li+ pathways exhibited in olivine
structures such as LiMPO4 (M = Fe, Co, Ni, Mn, etc.,), which makes it a promising candidate for
high rate applications due to the higher Li+ diffusion efficiency and higher intercalation
potentials [29].
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Figure 2.7. Crystal structure of LVP [30].

There are reports suggesting that the diffusion coefficient of lithium metal phosphates like LVP
(10−9- 10−10cm2 s-1) is about five orders of magnitude higher than the reported values for
LiFePO4 (10−14- 10−16cm2 s-1) [31]. In addition to this, the solid solution nature of LVP during the
discharge process prevents a jump in the voltage/composition curve. Now, the LIB industry is
looking towards new development of lithium vanadium phosphate as cathode material. LVP has
one shortcoming that is hindering its penetration into the market: low electronic conductivity (2.4
× 10

−7

S cm−1 at room temperature) due to the slightly distorted and separated VO6 octahedra,

which limits the rate capacity of the battery [32, 33]. All over the world, researchers have now
focused on improving the electronic conductivity of LVP and bringing it into the market.
Various approaches have been used to mitigate this problem, such as decreasing the particle size
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by nanostructuring, coating with a thin film of carbon or some other conducting material, doping
with secondary cations, etc. [34-36].

2.3.2.2. Anode materials:
The most widely studied anode materials for LIBs are graphite and other carbon-based materials
[37]. These anodes show good cycling performance and rate capability. During the lithiation
process, graphite can accommodate up to one lithium atom per six carbon atoms and form LiC6
compound with a theoretical specific capacity of 372 mA h g-1 [38]. The most commonly used
anode materials and their properties are given in the Table 2.1 [60].

Table 2.1. Different anode systems for LIBs.
Active anode
material
Insertion/deinsertion materials
A. Carbonaceous
a. Hard carbons
b. CNTS
c. Graphene
B. Titanium oxides
a. LiTi4O5
b. TiO2

Alloying/de-alloying
materials
a. Silicon
b. Germanium
c. Tin
d. Antimony

Theoretical capacity
(mAh g-1)
[Reference]

Advantages

Common issues

200-600 [39-41]
1116 [42-45]
780/1116 [46]

Good working
potential
Low cost
Good safety

Low coulombic
efficiency
High voltage hysteresis
High irreversible
capacity

175 [47]
330 [47]

4212 [48]
1624 [49, 50]
993 [51]
660 [52]

Extremely high safety
Good cycle life
Low cost
High power capability

High specific capacity
High energy density
Good safety
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Low capacity
Low energy density

Large irreversible
capacity

e. Tin oxide
f. SiO
Conversion
materials
a. Metal oxides
(Fe2O3, Fe3O4, CoO,
Co3O4, MnxOy,
Cu2O/CuO, NiO,
Cr2O3, RuO2,
MoO2/MoO3, etc.)

790 [53]
1600 [54]

Huge capacity fading
Poor cycling

500-1200 [55-57]

500-1800 [57-59]

High capacity
High energy
Low cost
Environmental
friendliness
Low operating
potential

b. Metal phoshides/
sulﬁdes/ nitrides
(MXy; M = Fe, Mn,
Ni, Cu, Co, etc., and
X = P, S, N)

Low coulombic
efficiency
Unstable SEI formation
Large potential
hysteresis
Poor cycle life
High irreversible
capacity
High cost of production

2.3.2.3. Nanostructuring
To improve the performance of the aforementioned anodes and cathodes, many studies have
been based on different approaches. Among them, nanostructuring the active materials is
considered to be very promising. Another advantage of this approach is that we can tune the
morphology according to the requirements. Figure 2.8 illustrates different nanostructures used in
LIB technology to improve the electrochemical performance of the material.
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Figure 2.8. Typical nanotechnologies applied in various anodes and cathodes for achieving
better electrochemical properties [20].

2.4. Sodium-ion Batteries:
Among the different secondary battery systems, sodium-ion batteries (SIBs) are considered to be
potential alternatives to LIBs in the long run due to the abundant distribution and lower cost of
sodium resources. Because of the larger radius of the Na+ ion (1.02 Å), however, as compared to
Li+ (0.76 Å), the application of SIBs is mainly blocked by several drawbacks, including a) poor
ion mobility, b) lower electronic conductivity, and c) high structural degradation during Na+
insertion/de-insertion. Thus, it is a top priority to develop suitable Na+ host materials with broad
pathways for ions and stable structural frameworks, so that free Na+ migration could be allowed.
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Hence, it is a top priority to develop high performing anode and cathode materials for SIBs.
Table 2.2 compares the properties of sodium and lithium [61].

Table 2.2. Comparison of the properties of sodium and lithium.
Na

Li

Atomic radius (pm)

190

167

Atomic weight (g mol-1)
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16.9

E0 vs. SHE (V)

2.7

3.04

Melting point (oC)

97.7

180.5

Clarke’s Number

2.644

<0.05

Distribution

Everywhere

70% in South America

Price/ kg, carbonate ($)

0.3

6.1

2.4.1. Working principle:
The working principles of SIBs and LIBs are almost the same (Figure 2.9). Sodium metal as an
anode material in SIBs shows similar properties to LIBs. Nevertheless, due to the differences in
the basic properties of Na, in such respects as the atomic mass, ionic mobility, reactivity, etc.,
there are subtle changes in the overall electrochemical performance as compared to their LIB
counterparts. The SIB electrode systems show almost all the same mechanisms as their LIB
counterparts when they are assembled into a battery, such as electrolyte decomposition, solid
electrolyte interphase (SEI) layer formation, dendrite formation, etc.
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Figure 2.9. The working principle of a sodium-ion battery [61].

2.4.2 Electrode materials:
The research work on SIBs electrodes started almost at the same time as for LIBs. Initially, both
the batteries were investigated in parallel, i.e., from the 1970s to the 1980s [62–67]. During this
period, Whittingham and Hagenmuller were investigating Na intercalation into the layered
electrode materials such as MoS2, TaS2, TiS2, and NaxMO2 (M = Co, Mn, etc.) [64-68]. Due to
the successful commercialization of LIBs in the1990s, however, further investigation on SIBs
significantly decreased. The limited supply chain of lithium resources and their high cost,
however, are now motivating the worldwide battery research community to search for new
electrode materials for SIB application (Figure 2.10).
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Figure 2.10. Potential cathode and anode materials for SIBs [61].

2.4.2.1. Cathodes:
Layered transition metal oxides:
Layered cathode structures for SIBs were extensively studied during the 1970s and 1980s. The
common formula for these oxides is NaxMO2+y, where M is a transition metal [66, 67].
Generally, the packing of the materials takes place in 2 different ways: the O3 and P2 types,
where O and P represent the respective octahedral and trigonal prismatic coordination
environments for sodium ions; and 3 or 2 represents the number of transition metal layers in a
repeated stacking unit (Figure 2.11).
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Figure 2.11. The different stacking of NaxMO2+y: (a) O3 and (b) P2 types [61].

Like LIBs, research on SIBs was also focused on several sodium cobalt and sodium manganese
oxides. Commonly, these structures are built from sheets of edge-sharing octahedral MO6. Here,
the Na ions are located between these MO6 octahedral sheets. The Na analogue of these types of
cathodes exhibits electrochemical insertion behavior similar to that of Li, but during the deinsertion of Na ions from the alkali ion layer, the system shows more complex phase transitions
[69, 70]. This was attributed to multiple factors, such as the larger ionic radius of Na, the longer
Na–O bonds, the ordering arrangement between Na+ and VNa+, etc. [61].
The low cost and non-toxicity of iron based cathodes, such as O3-NaFeO2 (R m), P2Na0.67Fe0.5Mn0.5O2, P2-Na0.67Fe0.67Mn0.33O2, O3-NaFe0.5Mn0.5O2, NaxFexMn1−xO2 (0.5 < x < 1),
have attracted considerable attention to them as cathode materials for SIBs [71-75]. Studies have
shown, however, that the Li analogue O3-LiFeO2 is electrochemically inactive due to the
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difficulty in oxidizing Fe3+ to Fe4+ [74]. The charge capacity observed for these systems is
attributed to the dominant oxygen removal reaction at the solid electrolyte interphase rather than
Fe4+/Fe3+ conversion, since the Fe3+ 3d orbital is strongly hybridized with the 2p oxygen orbital
in the system, so that oxygen removal is more favorable than the oxidation to Fe4+. On the other
hand, P2-Na0.67Fe0.5Mn0.5O2 and P2-Na0.67Fe0.67Mn0.33O2 showed a reversible Fe4+/Fe3+ reaction.
Even though the Li analogue of NaCrO2 (R m) is electrochemically inactive, NaCrO2 shows a
specific capacity of 120 mA h g−1 with moderate capacity retention [76-80]. NaNiO2 with space
group C2/m has been investigated for SIBs, but the initial study showed that only 0.2 Na could
be extracted from the monoclinic structure [81, 82]. Ceder's group later re-evaluated the Na
storage capability of NaNiO2, however, and they have obtained a capacity of 123 mA h g−1,
which is equal to 0.52 Na, with reasonable cycle life in the potential range of 1.25–3.75 V [83].
Many other layered cathode materials were also explored for SIB applications, such as O3NaNi0.5Mn0.5O2, O3-NaNi1/3Mn1/3Co1/3O2, NaNi0.5Ti0.5O2, P2-type Na2/3Co2/3Mn1/3O2, P2Na2/3Ni1/3Mn2/3O2,

P2-Na2/3Ni1/3Mn2/3O2,

P2-Na0.45Ni0.22Co0.11Mn0.66O2,

P2-

Na0.67Ni0.15Co0.2Mn0.65O2, and P2-Na1.0Li0.2Ni0.25Mn0.75Oy [84-91].
Recently vanadium-based layered oxides were also explored as cathode materials for SIBs [92,
93]. NaV6O15 nanorods demonstrated a reversible capacity of 60 mA h g−1 with moderate cycling
performance when they were cycled from 1.5 to 4V [94, 95].
Tunnel-type:
In 1971, the Hagenmuller group explored an orthorhombic Na0.44MnO2 with Pbam space group
(Figure 2.12) system having S shaped tunnels [65]. This material was not further studied at that
time because of difficulties with the hopping mechanism. Recently, however, many groups have
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re-examined the electrochemical properties of Na0.44MnO2 [70, 96-99]. The sodium storage
mechanism of this system was first investigated by Doeff’s group in a solid polymer electrolyte
battery [70]. Later, the structural variations during the cycling process of Na0.44MnO2/C
composite materials in SIBs were investigated by the Tarascon group using in situ X-ray
diffraction (XRD) measurements [96]. Cao’s group showed promising rate and cycling stability
for Na0.44MnO2 in a sodium ion full cell [97]. In all cases, however, the capacity obtained for this
system was very small and unsuitable for practical application.

Figure 2.12. Structure of tunnel type Na0.44MnO2 [68].

Chen et al., investigated the stability of the Fe3+ /Fe4+ redox couple in another tunnel system,
NaxFexTi2−xO4 (x = 1, 0.875) with the Pnma space group [61], although they could only extract
0.24 Na from the structure when it was charged up to 4.5 V. They also observed that, with a
lower Na content, they could extract 0.37 Na from Na0.875Fe0.875Ti1.125O4 with better kinetics, due
to the improved channel conductivity [100]. In this study they concluded that the tunnel structure
offers better stability for the Fe4+ state as compared to the layered oxides.
Olivine:
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The olivine NaFePO4 (Figure 2.13) was prepared through electrochemical Na insertion into
heterosites of delithiated olivine LiFePO4 [101]. During charging, the olivine NaFePO4 exhibits
an intermediate phase of Na0.7FePO4 at a potential of 2.95 V, unlike its Li counterpart [102-104].
The NaFePO4 material prepared through the normal chemical process, however, is
thermodynamically stable but electrochemically inactive [105-108]. Moreover, the structure of
the material is not olivine but maricite, where the Na+ and Fe2+ sites are just the opposite of those
in olivine LiFePO4.
Figure 13 shows the difference in the crystal structure between maricite and olivine NaFePO4.

Figure 2.13. Structure of a) maricite and b) olivine NaFePO4 [68].

Different olivine structured NaMnxM1−xPO4 (M = Fe, Ca, Mg) compounds were investigated by
Nazar’s group [109], which showed a sloping charge/discharge curve. Increasing the Mn content
in NaMnxFe1−xPO4 seems to decrease the electrochemical activity of the material, which is similar
to the case of its Li counterpart (LiMn1−xFexPO4), indicating the unfavorable electrochemical
kinetics of Mn in phosphate based polyanion systems [110].
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NASICON:
NASICON with the common formula NaxM2(PO4)3 (M: different transition metals) were
originally investigated by the Goodenough and Hong’s group. The NASICON materials were
initially used as solid electrolytes for batteries due to their high Na ion conductivity because of
the 3D open crystal structure [111, 112]. A typical NASICON material, Na3V2(PO4)3, was
initially investigated by Delmas’ group [113]. The crystal structure of Na3V2(PO4)3 is based on
octahedral VO6, and the corner of each VO6 octahedron is shared by three tetrahedral PO4
groups (Figure 2.14) [114]. Sodium storage in this material was first analyzed by Yamaki et al.,
where they cycled the electrode at 1.2–3.5 V and achieved a capacity of 140 mAhg-1, which was
associated with V4+/V3+ and V3+/V2+ redox couples [115]. Later, the same group fabricated a
symmetric Na3V2(PO4)3 full cell. This full cell exhibited a low operating voltage (~1.6 V),
however, and poor cycling stability [116]. Many recent studies have shown the benefits of
carbon coating in improving the electrochemical Na storage property of Na3V2(PO4)3 [114, 117119]. Chen et al. achieved a potential plateau around 3.4 V vs. Na+/Na by coating it with a 6 nm
thin layer of carbon by a simple solid state technique [114]. The structural evolution of this
NASICON structure was investigated by Chen’s group using in situ XRD measurements, and it
was found to be a two-phase reaction between Na3V2(PO4)3 and NaV2(PO4)3[117].
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Figure 2.14. NASICON structure of Na3V2(PO4)3.

The volume change during the structural evolution was found to be very low, ~8.26%, indicating
good structural stability. Recently, Kim’s and Balaya’s groups reported a porous system made of
Na3V2(PO4)3/C composite, which showed promising rate capability and cycle life [118,
119]. Choi et al. examined the thermal stability of Na3V2(PO4)3 using thermogravimetry/
differential scanning calorimetry (TG/DSC) and in situ XRD of Na3V2(PO4)3 [120]. Altogether,
this Na3V2(PO4)3 NASICON system exhibits good structural and thermal stability, as well as
promising electrochemical properties. Thus, this system is considered to be a potential candidate
for future rechargeable SIBs.
In parallel to Na3V2(PO4)3 researchers have also started focusing on NASICON type material
prepared from earth-abundant materials such as Fe, Mn, Ni, etc. The iron based NASICON type
Na3Fe2(PO4)3 compounds have been rarely investigated, however, mainly because of their low
potential plateau (~2.5 V) and the low capacity of the Fe3+/ Fe2+ redox couple [113]. The studies
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on iron based NASICON systems have been restricted to the Fe3+/ Fe2+ redox couple and did not
explore the potential high voltage Fe3+/ Fe4+ redox couple, because of the difficulty in achieving a
stable Fe4+ state. Other NASICON systems studied for SIBs were Na3Mn(II)Zr(PO4)3 and
Na3Ni(II)Zr(PO4)3 [121, 122]. Na3MnZr(PO4)3 is nearly electrochemically inactive, however,
which may be attributed to its poor kinetics or the instability of Mn3+ after Na extraction,
although one Na can be extracted from Na3NiZr(PO4)3. Apart from their superior performance,
NASICON based materials have also shown good compatibility with aqueous electrolytes. This
fact has led more researchers to explore new electroactive NASICON systems.
Phosphate systems:
NASICON and olivine based phosphate systems are considered to be promising for SIBs. Apart
from these systems, however, there are many other potential phosphate based cathode systems
for SIBs.
Pyrophosphates:
Triclinic Na2FeP2O7 (Figure 2.15) with a specific capacity of 83 mA h g−1 was first investigated
by Yamada and co-workers [123]. Later, Honma’s group reported Na2−xFe1+x/2P2O7/C composites
(x = 0–0.44), which showed better rate and cycling performances [124]. Choi et al. examined the
Na storage property and the thermal stability of Na2FeP2O7 by using ex situ XRD, and TG/
differential thermal analysis (DTA) [125]. Na2CoP2O7 and Na2MnP2O7 pyrophosphate were
investigated by Yamada's group, but the charge discharge curve showed a sloping profile [126,
127].
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Figure 2.15. Crystal structure of Na2FeP2O7 [61].

Mixed polyanion:
Kang and co-workers reported a material (Na4Fe3(PO4)2P2O7) with a mixed polyanion group,
having both PO43− and P2O74− [Figure 2.16]. This polyanionic system showed a capacity of ~ 110
mA h g−1 at C/40 [128]. The operating voltage for the Fe3+/Fe2+ redox in such a system appeared
higher than for the individual phosphates and pyrophosphates. There are different polyanionic
system to be explored further with a common chemical formula Na4M3(PO4)2P2O7 (M = Co, Ni,
Mn, Mg, etc.) [129].
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Figure 2.16. Crystal structure of Na4Fe3(PO4)2P2O7 [61].

Alluaudites:
In 1971 Moore proposed the structure of a natural alluaudite sample [130]. These compounds
exhibit crystal structures [Figure 2.17] built up from both polyhedral (MOn) and tetrahedral
(PO4)3− with a common formula of X1X2M1M22(PO4)3, where X1 and X2 are cations residing at
different sites in the tunnels oriented along the c-axis, which is formed by chains of edge-sharing
octahedral MO6 units linked with tetrahedral PO4 units [68]. Richardson introduced these
alluaudite compounds as Li insertion hosts [131]. The alluaudite compounds with chemical
formulas NaFe3(PO4)3 and LixNa2−xFeMn2(PO4)3 were investigated, but the cycling stability was
very poor with high voltage hysteresis [131, 132]. Delmas’ group evaluated the electrochemical
performance of alluaudite NaMnFe2(PO4)3, and they also observed a huge voltage hysteresis for
the charge/discharge curves [133]. In both these cases, reducing the particle size or coating the

34

alluaudite structure with conducting carbon could be an effective way to improve its inferior
electrochemical performance.

Figure 2.17. Crystal structure of alluaudite [68].

Fluorophosphates:
The quest for high performing cathodes for SIBs led to the fabrication of a new class of materials
by combining F− ions with phosphates [134, 135]. A series of this new class of materials is
represented by the sodium fluorophosphates, e.g., NaVPO4F, Na3V2(PO4)2F3, Na1.5VOPO4F0.5, and
Na2FePO4F, and these materials have considered to be potential candidates for future battery
applications. Recent studies have shown that these cathode materials demonstrate promising
electrochemical properties that can be comparable with those of the conventional cathode
materials for LIBs. Barker‘s group reported the promising storage property of Na3V2(PO4)2F3 in a
hybrid cell format [136]. Later, the same material was tested as a cathode material for SIBs by
Kang and co-worker, and they observed a specific capacity of 120 mA h g−1 with 2 plateaus at
35

3.7 and 4.2 V [137]. Among all the other sodium fluoro phosphates with the V4+/V3+ redox
couple, such as NaVPO4F, NaV1−xCrxPO4F, and Na1.5VOPO4F0.5, the Na3V2(PO4)2F3 exhibited the
highest average voltage (3.95 V) and specific capacity [137-140].
The materials with the elemental formula Na3V2O2x(PO4)2F3−2x (0 ≤ x ≤ 1), demonstrated
promising specific capacities with two distinct plateaus at 3.6 V and 4.1 V [141, 142]. Nazar’s
group investigated two other types of fluorophosphates, Na2MPO4F (M = Fe, Mn, Co, Ni) and
Na2FexM1−xPO4F, and evaluated their electrochemical properties in a hybrid cell format
[143]. Wang et al. demonstrated that the conducting carbon coating on Na2FePO4F can improve
the rate and cycling performance as compared to the pristine system [144]. Even though
Na2MnPO4F (P21/n) exhibited poor electrochemical activity, Kang et al., proposed that the
nanostructuring of Na2MnPO4F material can enhance its activity, and they observed a specific
capacity of 120 mA h g−1 within the potential range of 1–4.8 V, with a short cycle life [145].
Figure 2.18 shows the crystal structure of different fluorophosphates. Although most of these
fluorophosphate materials exhibit good storage properties, the chance of fluorine gas formation
during bulk production causes some environmental concern.

Figure 2.18. Crystal structures of different fluorophosphates: a) Na3V2(PO4)2F3, b) Na2FePO4F,
and c) Na2MnPO4F [68].
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Fluorides:
The two main categories of fluorides demonstrated as cathodes for SIBs are MF3 and NaMF3 (M
= Ni, Fe, Mn). FeF3/C composite showed a high specific capacity of 150 mA h g−1 with a poor
cycle life [146]. The NaFeF3 material also demonstrated reasonably high initial capacity (197
mA h g−1) in the potential range of 1.5–4 V [147], although this material also showed poor
cycling performance and low coulombic efficiency due to its high voltage hysteresis.
Hexacyanoferrates:
Prussian blue (KFeFe(CN)6) is a transition metal hexacyanoferrate system. Recently, many
groups have started working on the sodium analogue of this material for SIBs [148–152]. In
2011, Cui and co-workers investigated the promising electrochemical properties of
KxCuFe(CN)6 and KxNiFe(CN)6 in an aqueous battery, with K or Na ion insertion/extraction
[148, 149]. Later, in 2012 and 2013, Goodenough’s group analyzed the electrochemical
properties of AxMFe(CN)6 (A = K, Na; M = Ni, Cu, Fe, Mn, Co, and Zn) in organic electrolyte,
and they observed good rate capability and cycling stability [151, 152]. The material with the
compound formula Na4Fe(CN)6/C exhibited a reversible specific capacity of 90 mA h g−1 with
good rate performance [153]. Although all these compounds exhibit promising electrochemical
performances, the production of the materials or their precursors could cause environmental
hazards. Apart from this, the major problem associated with these materials is the difficulty in
controlling the water content in the sample, which adversely affects the storage property of these
systems.
Organic compounds:
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Organic electrode materials prepared from biomass are considered to be an environmentally
friendly and low-cost choice for future energy storage applications [154, 155].Research on these
materials for LIBs and SIBs has been limited, however, due to the solubility issue in organic
electrolyte [156]. Apart from their high solubility, these materials showed poor thermal stability,
unstable kinetics, and poor electronic conductivity [156]. In 1990 Bankston’s group
demonstrated tetracyanoethylene (TCNE) for sodium storage, although the system showed poor
kinetics and stability [157]. Recently, many groups have reported organic radical polymers as
cathode materials for SIBs [158, 159]. In 2012 Yang et al. proposed an organic material
(aniline–nitroaniline copolymer) which showed a specific capacity of 180 mA h g−1 with good
cycling performance [158]. Later, Kaskel’s group reported a bipolar organic material (BPOE),
which exhibited an aromatic porous honeycomb structure. This unique structure led to superior
electrochemical performance, such aspects as a high specific power of 10 kW kg−1, specific
energy of 500 Wh kg−1, and very promising cycle life of over 7,000 cycles with ~80% capacity
retention [160].

2.4.2.2. Anode materials:
Even though there are many potential cathode systems for SIBs, it is hard to obtain a promising
full cell performance without an appropriate anode. Metallic Na was the first choice, but the
dendrite formation and low melting point of sodium (97.7 °C) cause a high risk [161]. Graphite
is the commercial anode material for LIBs, with a specific capacity of ∼350 mA h g−1, but

studies have reported that graphite cannot be used as the anode for SIBs because Na hardly forms

a staged intercalation compound within graphitic layers [162, 163]. Thus, to develop a potential
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full sodium cell, identifying an anode with the proper potential range, high reversible capacity,
and good structural stability is urgently needed.
Carbon based-anodes:
In 1993, Doeff first investigated Na storage properties in various carbon materials and reported a
reversible specific capacity of 85 mA h g−1, when the sodium was inserted into petroleum-coke
carbon [164]. Later, Stevens and Dahn produced hard carbon and studied both the Na and the Li
electrochemical properties. They observed that the hard carbon exhibits a high Na storage
capacity of 300 mA h g−1. They proposed that the reason for the Na and Li storage could be due
to the insertion of Na or Li into the parallel layers of the hard carbon and into the nanopores
between the randomly stacked layers [165]. In 2013 Gotoh et al. confirmed the storage
mechanism using nuclear magnetic resonance (NMR) spectroscopy [166]. Later, Thomas and
Billaud reported that the selection of carbon precursor and the processing technique were
dependent on the Na insertion capability into the hard carbon [167]. They also reported that the
total amount of Na insertion decreased with increasing heat treatment temperature [167]. Apart
from the hard carbon, numerous other carbon materials with different morphologies have been
reported, which include hierarchical porous carbon, hollow carbon nanospheres, carbon
nanowires, and porous N-doped carbon nanosheets [168-171]. Even though all these forms of
carbon showed promising storage performance and kinetics, due to the side reactions because of
the larger surface area, the coulombic efficiencies and cycling performance were compromised,
which were the most important attributes for practical application. Tirado et al., demonstrated the
reversible insertion of Na in amorphous carbon black and reported a capacity values of 121 mA h
g−1 and 200 mA h g−1 [172]. In the amorphous carbon black, most of the Na was stored within
the bends in the graphene layers. Later, the same group reported a capacity of 285 mA h g−1 for
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amorphous carbon obtained from polymeric resin, when they added an ether type solvent to the
electrolyte [173]. Komaba et al. demonstrated the Na storage properties of hard carbon in
different electrolytes and observed an initial specific capacity of 240 mA h g−1 in the potential
range of 0–2 V, with an initial coulombic efficiency above 78% in 1 M NaClO4/ ethylene
carbonate (EC)/ diethyl carbonate (DEC) electrolyte [174]. They also investigated the full cell
performance of the hard carbon using NaNi0.5Mn0.5O2 as the cathode, and they observed good
cycling performance in the potential range of 1–3.5 V [174]. One of the main drawbacks of this
hard carbon was its high cost of production.
Other anode materials:
Palacín’s group reported sodium titanate (Na2Ti3O7) (Figure 2.19) based anodes for SIB
applications [175]. This material exhibited a capacity of 200 mA h g−1 with a voltage plateau
~0.3 V (vs. Na/Na). Apart from this, many other stoichiometric compounds, such as Na2Ti6O13
(Figure 2.18), Na4Ti5O12, etc., can also be used as anode materials for Na storage [176, 177]. The
other oxide systems explored for SIB application are amorphous TiO2, Fe3O4, α-Fe2O3, γ-Fe2O3,
Sb2O4, etc. [178-180]. The electrochemical performances of these materials were not
satisfactory, however for use as anode material for Na storage. Recently, different sulfides, such
as TiS2, TaS2, MoS2, FeS2, and Ni3S2 were also explored for SIB application [63, 67, 181, 182].
Among them, Ni3S2 and FeS2 showed high capacities of 400 mA h g−1 and 447 mA h g−1,
respectively. All these sulfide systems showed unsatisfactory cycling performance, however.
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Figure 2.19. Crystal structure of a) Na2Ti6O13 and b) Na2Ti3O7 [177].

Alloys (e.g., with Si, Sn, etc.) have been widely studied in LIBs due to their high specific
capacities [183, 184]. In 2012, Komaba’s group demonstrated the Na storage property of Sn
electrodes. This alloy (Na15Sn4) exhibited a specific capacity of 500 mA h g−1 in the potential
range of 0–0.8 V [185]. Alloy materials with carbon phase incorporated, such as Sb/C (610 mA h
g−1), SnSb/C (544mA h g−1), and Sn/C(295 mA h g−1) showed better cycling performances and
rate capability [186-188]. Amorphous black phosphorus/C composites exhibited a very high
specific capacity of 1800 mA h g−1 with a potential of ~ 0.4 V (vs. Na+/Na) [189, 190]. Most of
these alloys showed huge volume changes, and this needs to be addressed before the practical
applications [161, 191].
Other interesting anode systems for SIBs are organic compounds. The organic materials with
C O bonds have been shown to accommodate Li or Na, by the reaction between Li or Na ions
and the C O bonds [61]. After the successful demonstrations of dilithium terephthalate
(Li2C8H4O4)

as

anode

for

LIBs

[192],
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Hu’s

group

proposed

that

disodium

terephthalate (Na2C8H4O4) could be used for Na storage with an average potential of 0.45 V
[193]. Nevertheless, this system showed poor initial coulombic efficiency of 60%, because of the
excessive addition of carbon black that was needed to increase the electronic conductivity. Later,
many research groups investigated different derivatives of this disodium terephthalate [194,
195]. Chihara’s group proposed a Na2C6O6/C composite having an initial capacity of 270 mA h
g−1 within the potential range of 1-2.9 V, although the initial coulombic efficiency and cycling
performance of this composite were observed to be poor [196]. The major drawbacks of the
organic anode materials are their low electronic conductivity and poor kinetics. Nevertheless,
these anode materials are considered to be promising candidates for next-generation anodes for
SIBs because of their advantages, such as high specific capacity, low cost, and feasible
processing techniques.
Apart from the aforementioned anode systems for SIBs, many other anodic compounds have
been explored for aqueous SIBs. The main advantages of these aqueous based electrolytes
against non-aqueous systems are: non-flammable and thus safe to handle, more economical, and
having high conductivity leading to high power. The titanium based phosphate system has been
proposed as a good anode for aqueous SIBs. NASICON type NaTi2(PO4)3 material with a
theoretical specific capacity of 130 mA h g−1 showed specific capacities of 120 and 123 mA h
g−1 in non-aqueous and aqueous electrolytes, respectively [197]. Apart from the low energy due
to the limited voltage, the aqueous system showed better cycling and rate performances and low
voltage hysteresis.

2.4.3. Energy storage mechanisms of different anode and cathode systems:
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Table 2.3 presents the Na energy storage mechanisms of different anode and cathode systems
discussed so far. Since the radius of a Na ion is larger than that of a Li ion, a deep understanding
of the sodium storage mechanism is very important for designing new potential electrode
materials for future SIB applications.

Table 2.3. Sodium storage mechanism in different anode and cathode systems [61].
Storage mechanism

Examples

Intercalation

P2-Na1.0Li 0.2Ni0.25Mn0.75Oy, etc.

Phase transition

Na3V2(PO4)3, Na2FePO4F, Li4Ti5O12, etc.

Conversion

NiCo2O4, FeS2, etc.

Alloying

Sn/C, Sb/C, SnSb/C, etc.

Reversible chemical bonding

Na2C8H4O4, etc.

Doping and de-doping

Aniline–nitroaniline copolymer

Surface or interface charging

Amorphous TiO2

2.5. Redox couple potential of transition metals in SIBs and LIBs:
Figure 2.20 demonstrates the transition metal redox couple potentials in SIBs and LIBs. The
redox potential positions of materials in SIBs appear 0.3 to 1.2 V lower as compared to their
lithium counterparts. To fabricate a full cell, it is essential to understand the electrochemical
sodium storage mechanism and redox potential positions of both the anode and the cathode
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material. Thus, the subsequent chapters look into the electrochemistry of some novel nanoarchitectures and materials for both LIBs and SIBs.

Figure 2.20. Redox potential positions of different redox couples [61].
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Chapter 3
LYOPHILIZED NASICON TYPE Li3V2(PO4)3 - rGO AS AN ELECTRODE MATERIAL
FOR HIGHLY STABLE LITHIUM ION BATTERIES

3.1. Introduction:
Recently, lithium ion batteries (LIBs) have been recognized as potential candidates for use in
electric vehicle and hybrid electric vehicles due to their high-energy density and capacity
retention. Since the pioneering work of Goodenough’s team in 1997 on LiFePO4, different
lithium metal phosphate materials have attracted attention as potential electrode materials for
LIBs [1 –3]. Among them, monoclinic Li3V2(PO4)3 (LVP) has received considerable attention
due to the high theoretical capacity of 197 mAh g−1 [4] and its crystal structure, which enables
3D pathways for Li+ insertion/extraction, in contrast to the 1D Li+ pathways exhibited in olivine
structures such as LiMPO4 (M = Fe, Co, Ni, Mn, etc.). In order to overcome the limitations of
olivine structures, attempts have been made to design lithium mixed transitional metal oxide
electrodes that include more than one metal ion (LiNi0.5Mn1.5O4). This approach in general
improves the working potential (≈4.7 V) and incites participation of multiple redox couples
during charge/discharge thereby increasing the speciﬁc capacity (≈110 mAh g−1). The same
approach has been attempted in LMPO4 systems, by Pagot et al. where working potential >4 V is
obtained with an initial speciﬁc discharge capacity of 125 mAh g−1. However, in both studies, the
complexities involved in fabricating these structures in bulk and cycling stability remain an issue
[5, 6]. This makes LVP a promising candidate for high rate applications due to its higher Li+
diffusion efﬁciency and intercalation potentials, resulting in improved electrochemical
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characteristics [7 –10]. Another attractive feature of LVP is its amphoteric nature, so that it can
hold more Li+ ions and hence perform as an anode material [11]. There are reports suggesting
that the diffusion coefﬁcients of lithium metal phosphates such as LVP (10−9– 10−10 cm2 s−1) are
about ﬁve orders of magnitude higher than the reported values for LiFePO4 (10−14– 10−16 cm2 s−1)
[12]. In addition to this, the solid solution nature of LVP during the discharge process prevents a
jump in the voltage/composition curve [13]. On the downside, however, like most polyanion
systems, the slightly distorted and separated VO6 octahedra minimize the electronic conductivity
of the compound (2.4 × 10

−7

S cm−1 at room temperature), which brings down its performance

[8, 14]. Various approaches have been suggested to mitigate this problem, such as
nanostructuring, coating with a thin ﬁ lm of carbon or some other conducting material, doping
with secondary cations, etc [9, 15, 16]. Nanostructuring of electrode materials has been
considered especially favorable, as it reduces the Li+ diffusion length and enhances reaction
interfaces. For instance, studies using LVP nanostructures have shown speciﬁc capacity as high
as 131 mAh g−1 when cycled in the voltage range between 3.0 and 4.3 V at a 1 C rate [14].
Although nanostructuring LVP has many advantages, its tendency to agglomerate during
processing reduces the reaction interfaces of the electrode, with the electrolyte eventually
affecting the electrochemical properties of the device [17]. Coating the active material with a
thin layer of carbon can improve the electronic conductivity, and hence provide a short charge
transport distance and reduce the interparticle resistance [9].

It is a prerequisite that these

coatings are thin and porous; as otherwise, the double layer mechanism of carbon will dominate
the redox reactions due to underutilization of the core LVP [15]. Also, it has been proved that
cation doping can effectively improve the electronic conductivity of LVP. For instance, Co2+
(doping = 0.15) in the V sites improved the structural stability of the Li3V2−xCox(PO4)3
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composite system and caused minimal volume changes during the reversible Li+
extraction/insertion, resulting in enhanced cycling performance and a 9% improvement in the
speciﬁc capacity as compared to the pristine undoped sample [18]. The improvement in the
cycling stability (≈10%) and capacity (≈16%) in the case of Al doped LVP as compared to
undoped samples was mainly due to the structural stabilization and enhanced conductivity
offered by Al3+ doping [14]. Even though all these metal dopants provided various advantages,
the formation of secondary phases during processing remains a major challenge. The present
work proposes a novel approach utilizing 3D LVP-reduced graphene oxide (LVP-rGO) porous
structures processed by the lyophilization technique. This study focuses on the maximum
utilization of the active redox surfaces of LVP by developing an open porous framework that can
potentially serve as a source of abundant redox sites. This structure also conﬁrms the uniform
distribution of the electrolyte all over the electrode surface and bulk, which facilitates efﬁcient
mass transport between the electrolyte and electrode. Moreover, this 3D porous system also
provides the advantage of being a stress dissipater during prolonged cycling, thereby improving
the cycle life by acting as a buffer layer that reduces the volume changes during each Li+
intercalation/deintercalation process. Also, the addition of rGO enhances the performance of the
electrode material by providing the desired electrochemical ﬂexibility in terms of capacity and
rate capability.

3.2. Experimental Section:
3.2.1. Synthesis of LVP:
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All the reagents used in the present study were obtained from Sigma Aldrich. Powders of
LiH2PO4 and V2O5 were mixed in 3:1 ratio in methanol under stirring for 6 h at room
temperature. The resulting yellow solution was transferred into a Teﬂon-coated microwave
solvothermal system (model: microSYNTH). The microwave solvothermal system was
maintained at 180 °C for 30 min, and the ramping time was ﬁxed at 5 min. The resultant mass
was collected and washed thoroughly using deionized (DI) water and ﬁnally dried at 80°C for 12
h. The dried sample was collected and ground using a mortar and pestle, and annealed at 800°C
for 12 h in Ar atmosphere in a furnace. The ramping rate was ﬁxed at 5 °C min-1. After natural
cooling to room temperature, the sample was again ground to obtain lump free LVP powder.

3.2.2. Preparation of Porous Composite Electrode Using Lyophilization Technique:
The resulting LVP powder was mixed with different amounts of rGO dispersion using a probe
sonicator (Sonics-Vibra cell). The working/resting pulse time was maintained at 2s. At the end of
3 h of probe sonication, the sample dispersion was collected and was lyophilized at −50°C in a
lyophilizer (Christ-Alpha 1-4 LD plus) for 30 h to obtain the porous spongy LVP-rGO
composite.

3.2.3. Morphology and Phase Analysis of Lyophilized LVP and LVP-rGO:
The morphology of the LVP and LVP-rGO was determined using HRTEM (model: JEOL JEM2011) and SEM (JEOL JSM-7500FA). Phase analyses were carried out using XRD (GBC MMA
XRD), X-ray photoelectron spectroscopy (XPS-SPECS GmbH), Raman spectroscopy (JY
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HR800 Spectrometer), and FTIR spectroscopy (Shimadzu FTIR Prestige-21). Surface area was
measured using a BET analyzer (Nova 1000).

3.2.4. Electrochemical Characterization of LVP and LVP-rGO:
The electrochemical performances of the LVP and LVP-rGO were investigated by fabricating
coin cells (CR2032). Coin cells were assembled inside a glove box (MBRAUN) under conditions
where the H2O and O2 levels were kept below 0.1 ppm. Poly (vinylidene ﬂuoride) (PVDF) (10
wt%), polypropylene ﬁlm, and 1M LiPF6 in a mixture of ethylene carbonate and dimethyl
carbonate (EC: DMC (1:1) (v/v)) were used as the binder, separator, and electrolyte,
respectively. 20 wt% carbon black was used as a current collector for the pristine LVP sample.
For LVP-rGO sample, the rGO itself acts as a good current collector and thus no carbon black
was added while preparing the electrodes. Lithium foil was used as the counter and reference
electrode. The assembled cells were kept for 24 h prior to the testing. The cells were
galvanostatically charged and discharged using a multichannel battery tester (Landt CT2001A)
to determine the capacity, rate performance, and cycling stability. CV at different scan rates and
EIS in a frequency range of 1 MHz to 1 mHz were conducted using a Bio-logic electrochemical
work station. After the cycling the coin cells were decrimped in the glove box under similar
conditions and the electrodes were removed from the cell for electron diffraction and FE-SEM
studies.

3.3. Results and Discussion:
3.3.1. Morphology and Phase Analysis of Lyophilized LVP and LVP-rGO Composites:
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Typical X-ray diffraction (XRD) patterns of lyophilized LVP and LVP-rGO electrodes are
shown in Figure 3.1 a and reveal that the LVP in both cases belongs to space group P 21/n (JCPS
97-016
1335). This is an indication that the obtained LVP crystal structure comprises a 3D framework of
vanadium octahedral structures coordinated with six tetrahedral phosphate groups, while the Li
atoms are situated within the free space of the 3D framework. The Li atoms in these locations are
the prime factor behind the electrochemical performance. Similar XRD patterns for LVP were
reported earlier in the literature [19].

Figure 3.1. a) XRD patterns and b) FTIR spectra of lyophilized LVP and LVP-20 rGO
composite, c) Raman spectrum of LVP-20 rGO composite, and d) Raman spectrum of pristine
LVP sample.
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The presence of rGO phase was observed in the XRD patterns of the LVP-rGO samples. Figure
3.1 b shows the Fourier transform infrared (FTIR) spectra of the LVP and LVP-rGO samples.
The peaks at 504 and 634 cm−1 indicate the presence of the bending and stretching vibrations
between V3+ and O2− in the VO6 octahedral structures. The peaks at 573 and 1041 cm−1 represent
bending vibration of the P−O bonds of the PO4 tetrahedra and asymmetric stretching vibrations
of PO43−, respectively. The peaks at 1200 and 1230 cm−1 are representative of the stretching
vibrations of O=P−O terminal PO4 units, conﬁrming that the lyophilized LVP exhibits a
monoclinic structure [20]. No carbon bonding spectra were observed in the LVP-rGO samples
which could be an indication of the almost complete reduction of rGO in the LVP-rGO sample.
For detailed understanding on the nature of rGO in lyophilized samples, Raman analysis was
carried out. Figure 3.1c shows the Raman spectrum of the lyophilized sample. The two sharp
peaks at 1353 and 1592 cm−1 represent the D and G peaks of reduced graphene oxide in the
lyophilized LVP-rGO sample [21]. The predominance of D peak corresponds to the defectinduced breathing mode of carbon ring due to attached OH group. The G peak arises because of
the E2g phonon scattering of sp2 hybridized carbon. In order to determine the structural disorder
prevalent in rGO, the ratio between the peak areas under the D and G bands (ID/IG ratio) was
used as a ﬁgure of merit [22]. It is quite known that as the ID/IG ratio increases the structural
disorder in rGO also increases. The intensity ratio ID/IG was found to be ≈1.55, which is
inversely proportional to the size of the sp2 domain suggesting the formation of graphitic
domains. Small peaks from 500 to 1200 cm−1 represent different vibrational states of LVP (see
Figure 3.1d). The peaks at 451, 560, 599, and 652 cm−1 are due to the vibrations of the deformed
PO4 tetrahedra. The peaks at 1058 and 1009 cm−1 are assigned to PO4 valence bond vibrations
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[23]. Analysis using X-ray photoelectron spectroscopy (XPS) (Figure 3.2a) showed that the
peaks at ≈517 and ≈524.2 eV binding energy correspond to the V 2p3/2 and V 2p1/2 orbitals of the
V3+ oxidation state. The peaks at ≈55.2 and ≈531 eV represent the Li 1s and O 1s ((PO4)3−
group) states. The P 2p peak at binding energy of ≈134 eV reﬂects the presence of (PO4)3−
phosphate groups in the sample [24].

Figure 3.2. a) XPS survey spectra of LVP and LVP-20 rGO composite, and b) C 1s XPS
spectrum of LVP-20 rGO showing the deconvoluted peaks.

Deconvolution of the XPS peak of carbon in the LVP-rGO sample (see Figure 3.2b) showed four
subpeaks, where the high intensity peak at ≈284.8 eV indicates C−C bonds of carbon. The peaks
at ≈286.2, 288, and 291.1 eV were assigned to different conﬁgurations of C−O bonds. The low
intensity C−O peaks as compared to the C−C peak could be attributed to the effective reduction
of rGO, thus indicating better electrical conductivity through the delocalized π -bond electrons
[25]. Figure 3.3a, b presents ﬁeld emission scanning electron microscope (FESEM) images
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displaying the morphology of the lyophilized LVP and LVP-rGO samples, respectively. The
FESEM images could not distinguish the phases of carbon and LVP in the LVP-rGO sample,
possibly due to the poor phase contrast. High-resolution transmission electron microscope
(HRTEM) investigations demonstrated that the fused LVP particles are embedded in the layered
rGO wrappings (see Figure 3.3c). The rGO wrappings are composed of thin layers, which are
stacked on each other with minimal creasing.

Figure 3.3. SEM images of a) LVP and b) LVP-20 rGO composite; c) TEM image of LVP-20
rGO (with inset 1 the diffraction pattern of LVP and inset 2 the diffraction pattern of rGO), and
d) diffraction pattern of LVP-20 rGO composite.
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To investigate the crystalline nature of both LVP and rGO, electron diffraction analyses at the
LVP-rGO interface, at the surface of LVP, and on the carbon layer were carried out. Inset 1 of
Figure 3.3c shows the selected area electron diffraction (SAED) pattern of an LVP particle (the
region marked in the red circle). The distinctive diffraction pattern conﬁrms the highly
crystalline nature of the sample. The electron diffraction pattern observed for LVP represents the
monoclinic crystal system. The d-spacing was found to be ≈3.69 Å using the 2 R1 value from the
SAED pattern (where 2 R1 is the distance between the two central spots, as marked in inset 1 of
Figure 3.3c), corresponding to the (121) planes of monoclinic LVP [26]. Inset 2 of Figure 3.3c
presents the electron diffraction pattern of the rGO sheets (from the region marked in green). The
crystalline nature of this layered rGO sample was conﬁrmed by the bright spots in the Debye
ring. The interplanar distance was calculated using the 2 R2 value and was found to be around
3.8 Å (where 2 R2 is the diameter of the ﬁrst ring with respect to the central spot), corresponding
to the d002 spacing [27]. Figure 3.3d shows the diffraction pattern of the LVP/rGO interface
(marked by a yellow circle). The multiple Debye ring pattern with bright spots was caused by the
collective diffraction from the LVP particle and from the layered rGO sheets, conﬁrming the
presence of both LVP and rGO, with interplanar spacing of ≈3.7 and 3.8 Å, respectively. Figure
3.4a shows a photograph of the lyophilized LVP-rGO composite; it can be observed that the
composite electrode has a highly porous structure with interconnected macropores. Figure 3.4b
shows the FESEM image of the LVP-rGO electrode and Figure 3.4c-f, presents the energy
dispersive X-ray spectroscopy (EDS) analysis of the LVP-rGO composite, which exhibits the
characteristic peaks of V, P, O, and C in the sample. The EDS mapping demonstrates that the
rGO is uniformly distributed all over the LVP-rGO sample. This conﬁrms the presence of a wellnetworked surface coating of rGO on the LVP matrix.
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Figure 3.4. a) Photograph of LVP-rGO composite showing its porous nature, b) the FESEM
image and c-f) the corresponding EDS mapping of LVP- rGO composite, showing the presence
of V, P, O, and C.

3.3.2. Electrochemical Characterization of LVP and LVP-rGO:
In order to determine the optimal wt% of rGO in the LVP-rGO composite, electrochemical
characterizations were performed. LVP composites with different weight proportions of rGO
were prepared using the lyophilization technique by varying the LVP to rGO ratio. The asprepared composites were designated as LVP-10 rGO, LVP-20 rGO, and LVP-30 rGO, where
the number represents the wt% of rGO in the composite. The rGO content in the electrode
samples was further conﬁrmed using the carbon hydrogen nitrogen (CHN) analyses, where the
average carbon content was found to be ≈9.5, 19.2, and 28.9, indicating that the amount of
carbon used for fabricating the sample was retained. To evaluate the kinetic properties of the
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LVP and LVP-rGO samples, electrochemical impedance spectroscopy (EIS) measurements were
carried out. Figure 3.5a shows Nyquist plots of the LVP and LVP-rGO composites.

Table 3.1. Solution and Charge resistance of LVP and LVP-rGO samples obtained from
Nyquist Plots

Samples

LVP

LVP-10rGO

LVP-20rGO

LVP-30rGO

Rs [Ω]
RCT [Ω]

64
523

23
348

1.5
210

0.6
215

All these plots display a semicircle in the higher frequency range and an inclined line in the
lower frequency range (inset of Figure 3.5 a shows the equivalent circuit of LVP-20rGO). The
charge transfer resistance (Rct) values for the LVP-20 rGO and LVP-30 rGO were found to be
much less than those for the LVP and LVP-10 rGO (see Table 3.1). Indicating easier transport of
electrons and ions through the electrode/electrolyte interface, due to the intimate contact between
the LVP particles and the rGO layers. Thus, the LVP-20 rGO and LVP-30 rGO samples
demonstrated enhanced electrochemical kinetics; this could be due to (1) better depth of
insertion/extraction of Li+ ions, (2) minimal difference between Li+ ion concentration on the
surface and in the bulk of the particles, and (3) enhanced cycling performance and capacity due
to the active participation of the bulk material. Figure 3.5b presents an enlarged plot of the high
frequency region for the EIS curves, in which differences in the solution resistance (Rs) values of
the different composites can be observed (see Table 3.1). The lower Rs values as the rGO content
increases from 0 to 30 wt% could be attributed to the improved electronic conductivity as the
rGO content increased from 0 to 30 wt%. The decrease in Rs values could be beneﬁcial to better
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power performance of the electrodes. The role of rGO as a current collector is also pivotal here.
The principal electron transport mechanism in rGO mainly relies on the presence of ﬂ at
graphene sheets with intact graphitic domains forming long range network of trigonally bonded
sp2 and partial tetrahedrally bonded sp3 carbon atoms.

Figure 3.5. a) EIS curves of LVP and LVP-rGO composite (inset: equivalent circuit; W is the
Warburg impedance and CPE (constant phase element) is the double layer capacitor), b)
Enlarged EIS curves of the high frequency region for LVP and LVP-rGO composite, c) rate
capability study of LVP and LVP-rGO composites, and d) the variation in specific discharge
capacity as a function of rGO content in the composite sample.

73

Delocalization of π-electrons during reduction of GO results in an increase of both carrier
mobility and carrier concentration. Though there are some conjugated areas due to the presence
of oxidized regions in rGO, long-range conductivity is activated by the interaction of percolating
pathways between sp2 carbon clusters, which allows classical carrier transport to occur resulting
in improved current collection properties and reduction in net resistance of the LVP -rGO
electrodes. To get further idea about the rGO content in the LVP-rGO samples rate performances
were carried out by increasing the C-rate of the samples from 1 to 50 C (Figure 3.5c). At all Crates LVP- 20 rGO sample was found to be better performing as compared to all other samples.
In the case of all samples at all C-rates, 100% capacity retention was observed at the end of 36
cycles of charging and discharging. Figure 3.5d shows the variation in speciﬁc discharge
capacity as a function of rGO content in the composite electrodes at different C rates. It was
observed that, as the rGO content increased to 20 wt%, the composite system showed an increase
in speciﬁc discharge capacity, which could be attributed to a number of reasons, including
effective current collection as well as the reduced diffusion length provided by the rGO content
in the composite sample, improved active surface area with Brunauer–Emmett–Teller (BET)
analysis showing an increase in surface area for LVP-20 rGO (27 m2 g−1 ) as compared to the
pristine LVP (2 m2 g−1) sample, and also the enhanced electrochemical kinetics, as observed
from the EIS studies. The total voltage drop in the cell depends on multiple factors like
electrolyte resistance, concentration dependent resistance at the electrodes/electrolyte interface,
and charge transfer resistance, all of which effectively limits the amount of current generated.
Typically, any one of these resistances could be higher depending on the design and operating
conditions of the cell. In the present case, the voltage drop can be associated with the charge
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transfer resistance. The conventional way of expressing this voltage drop due to charge transfer
resistance is through Tafel equation.

η a = a + b log i

(3.1)

where a and b are empirical constants, i is the current density, and ηa is the activation over
potential. It can be seen from this equation that the amount of voltage drops in the cell increases
linearly with the logarithm of the current density. Thus, it is desirable to minimize ηa so that we
have the maximum voltage for pushing current through the load. This can be achieved by simply
increasing the electrode area. This increment in the surface area can minimize current density
and in turn decrease the activation over potential of the electrode [28]. The decrease in capacity
beyond this 20 wt% of rGO can be attributed to the reduced LVP content, which reduces the
density of the active sites that are the prime factor for the charge storage mechanism. Thus,
further electrochemical characterizations were carried out using the LVP-20 rGO sample. The
maximum discharge capacity was found to be around ≈192 mAh g−1 at 0.5 C (Figure 3.6a). The
charge/discharge

curves

contain

multiple

plateaus,

corresponding

to

the

multistep

extraction/reinsertion of Li+ from LVP-rGO composite. Figure 3.6b shows the CV curves of
LVP-20 rGO composite at different scan rates in the potential range of 0.5–3.8 V. The peaks at
≈3.7 and 3.75 V in the anodic direction indicate the extraction of Li+. The voltage range of any
electrode/electrolyte system is limited by multiple factors like the “window” of the electrolyte,
the electrochemical potentials of the electrode system, the architecture of the electrodes, etc. In
our case, we have observed that above 3.8 V and below 0.5 V, there was deterioration in the
capacity values over few numbers of cycles which can be attributed to the decomposition of the
electrolyte. In the cathode direction, the corresponding reduction peaks were observed at 3.5 and
3.55 V. The CV curve of lyophilized rGO is shown in the inset of Figure 3.6b.
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Figure 3.6. a) Voltage vs. specific capacity curves at different C-rates for LVP-20 rGO, and b)
cyclic voltammetry curves at different scan rates (inset CV curve of rGO).

Besides LVP, the contribution of rGO to the capacity between this potential window can be
reasoned to the binding of Li+ to the basal plane sites of rGO layers, whereas above 3 V can be
ascribed to Faradaic capacitance which results on the surface and edge sites of the graphitic
layers of rGO and extraction/reinsertion of Li+ from LVP-rGO composite. Similar patterns have
been reported in the literature earlier for rGO electrodes [29, 30]. This potential window can be
increased if the electrolyte reaction at these voltages can be blocked by the formation of a
passivating solid electrolyte interface (SEI) layer. In case of LVP-20rGO, we believe that
formation of uniform SEI layer can be limited due to the presence of surﬁcial rGO which could
be a limiting factor in reducing the upper voltage to 3.8 V but beneﬁcial in extending the range to
lower potentials. In effect rGO behaves like a double layer capacitor in parallel with the battery
LVP which restricts the voltage in this range.
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Figure 3.7. Cycling and rate capability performance of LVP-20 rGO composite electrode: a)
Rate capability study, b) cycling stability study at 0.5 C for 1000 cycles, c) cycling stability
study at 1 C for 5000 cycles, and d) cycling stability study at 20 C for 10000 cycles (inset:
diffraction pattern of LVP-20 rGO after 10000 cycles of charging and discharging).

Besides this, the role of conductive rGO sheets in the LVP composites is pivotal as they could
serve as a fast path for electron migration during charging and discharging. Thus, the electrons
can spread onto the entire surface of LVP particles, leading to the improved rate capability and
reversibility of the lithium insertion/extraction cycles as seen in our present study. Figure 3.7a
presents a rate capability study and the corresponding coulombic efﬁciency plot of the LVP-20
rGO composite electrode versus Li/Li+ at different C-rates. The analysis started at 1 C with
repeated cycling up to 50 C for the ﬁrst 31 cycles, and then from the 32nd to the 36th cycle, the
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same current corresponding to 1 C was passed through the cell. The speciﬁc discharge capacity
decreased from ≈185 to 65 mAh g−1 as the C-rate increased from 1 to 50 C. A speciﬁc discharge
capacity of more than 110 mAh g−1 was observed even at the very high C-rate of 20 C,
demonstrating the promising rate performance of this composite sample. The reason for this
better rate capability could be attributed to the effective current collection due to the intact
contact provided by the rGO layers in the composite sample. The coulombic efﬁciency was
found to be nearly 100% at different C-rates, unless the C-rate was changing. During each
sudden increase in the C-rate, however, an unexpected decrease in efﬁciency was observed,
which could be attributed to the lesser participation of the active sites during the discharge
process. Figure 3.7 b –d presents a prolonged cycling stability study at different C-rates. Figure
3.7b shows the ﬁrst 1000 cycles of charging and discharging at the 0.5 C rate, in which the initial
speciﬁc discharge capacity was found to be ≈190 mAh g

−1

. It is worth noting that 100% of the

capacity was retained, even at the end of 1000 cycles. The coulombic efﬁciency was observed to
be nearly 100%. Figure 3.7c presents the cycling performance at 1 C: the initial speciﬁc capacity
(≈185 mAh g−1) was retained, even after 5000 cycles of prolonged charging and discharging. At
20 C the initial capacity was retained at ≈96.2%, even after 10 000 cycles. This remarkable
cycling stability could be attributed to the excellent structural stability of the LVP-20 rGO
composite electrode, even after the prolonged cycling. Also, this promising high C-rate cycling
stability and stable coulombic efﬁciency could be attributed to the stable 3D porous network in
the LVP-20 rGO structure, which could enhance the reversible lithiation and delithiation
mechanism by isotropic distribution of the microscopic stress developed during each lithiation
and delithiation process, resulting in a better high C-rate cycling performance. Each such
lithiation and delithiation process produces volume changes in the electrode, which may cause
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the formation of cracks after prolonged cycling, leading to the loss of structural integrity. This
crack formation also leads to the formation of a new SEI layer on the newly formed electrode
surface. This can result in active material loss and hence, poor cycling performance. The porous
LVP-rGO structure, however, has enough void spaces to accommodate the volume changes
during prolonged lithiation/delithiation without compromising its structural integrity.

Figure 3.8. SEM image of LVP-20 rGO composite a) before cycling and b) after 10000 cycles of
charging and discharging at 20 C.

In addition to this, the interconnected porous structure and the high speciﬁc surface area could be
beneﬁcial for the proper penetration of the electrolyte, and this would increase the liquid-phase
lithium diffusion, which would eventually reduce the concentration polarization, resulting in
better rate capability and capacity [31–33]. The inset of Figure 3.7 d is the electron diffraction
pattern of the composite after 10 000 cycles, which conﬁrms the stability of the crystal structure.
The distinct bright spots in the diffraction pattern conﬁrm that the crystallinity of the sample did
not alter much, even after 10 000 cycles of charging and discharging at a very high C-rate. The

79

lattice spacing was found to be around 3.8 Å using the 2 R1 value from the SAED pattern, which
corresponds to the (121) planes of monoclinic LVP. This d -spacing again conﬁrms the crystal
structural stability of the LVP-20 rGO composite, even after prolonged cycling. The unaltered
Debye ring with d002 spacing also conﬁrms the stability of the rGO in the composite electrode.
The SEM image of LVP-20 rGO at the end of 10 000 cycles (see Figure 3.8) shows the structural
stability of the composite at the microscopic level, even at the end of 10 000 cycles.

3. 4. Summary:
In summary, a microwave solvothermal process followed by the lyophilization technique was
adopted to prepare LVP-rGO composites for lithium ion batteries. The diffraction patterns were
used to calculate the interplanar spacing of LVP and also to determine the conducting nature of
the rGO in the composite. The LVP-20 rGO composite showed a speciﬁc discharge capacity of
≈192 mAh g−1 at 0.5 C. The composite sample demonstrated high cycling stability, with no
fading at 0.5 C and at 1 C at the end of 1000 and 5000 cycles, respectively. It is particularly
interesting to note that the initial capacity was retained at ≈96.2% even after 10 000 cycles of
charging and discharging at 20 C. The promising high rate performance and the cycling stability
are attributed to the stable 3D porous network in the LVP-rGO composites. The reason for the
high-rate cycling stability, in particular, was found to be the structural stability of the LVP-rGO
3D porous network, as determined by the SEM images and SAED patterns after 10 000 cycles of
charging and discharging at 20 C. Moreover, the rGO conductive wrappings helped to improve
the electrochemical performance in terms of rate and speciﬁc discharge capacity. Therefore, the
simple microwave assisted solvothermal process followed by the lyophilization technique can be
a practical process to achieve a high-rate and stable composite material for battery applications.
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Chapter 4
NANO-LAYERED rGO GRAFTINGS ON NASICON TYPE Na3V2(PO4)3 FOR LONG
LASTING SODIUM ION BATTERIES

4.1. Introduction:
Researchers on battery technologies are gradually shifting their focus onto sodium ion batteries
(SIB) due to their lower cost and the greater abundance of sodium than lithium [1-3]. The higher
half-cell reaction potential of sodium compared to lithium makes SIBs work well with lowerdecomposition-potential or water-based electrolyte which is beneficial in terms of both cost and
durability [1, 4, 5]. Many sodium based materials have been explored as effective cathode
materials for SIBs, including different phosphates and oxides [6]. Among them, sodium
superionic conductor (NASICON) type sodium vanadium phosphate (Na3V2(PO4)3; SVP) has
attracted considerable attention due to its superior properties, which include a) high ionic
mobility, b) high theoretical specific capacity of ~ 117.6 mAh g-1, when it is cycled between 2.4
V to 3.7 V, where two Na+ ions are completely extracted from and inserted into the crystal
lattice, c) two flat and stable plateaus at 3.4 and 1.6 V, correlated with the redox couples V4+/V3+
and V3+/V2+, respectively, enabling it to be used as both cathode and anode, d) negligibly small
voltage polarization, ~ 0.1 V for the redox couple V4+/V3+ and 0.06 V for the redox couple
V3+/V2+, and e) good thermal stability at ~ 450 ⁰C in the charged state, confirming its high safety

performance [3,7-9]. Uebou et al. first reported the redox activity of SVP for SIBs. The cycling

stability for this material between 3.4 V and 1.6 V was observed to be poor, and the reason for
this poor stability was attributed to its crystal structure [10]. The NASICON skeleton is built of
PO4 tetrahedra, in which the corners are shared with octahedral VO6, and these units are
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assembled in a three-dimensional (3D) manner to form V2P3O12, which has large tunnels with
rhombohedral interstitial sites that fully/partially accommodate Na+ ions by a perturbation-free
lattice intercalation/de-intercalation mechanism. The main limitation with this material is its poor
electrical conductivity (~10-9 S cm-1) due to the slightly distorted arrangement of VO6 octahedra,
thus resulting in poor cycling performance and rate capability, which limits its practical
performance and further commercialization [11]. Researchers have tried various approaches to
overcome this problem, which include nanostructuring, coating with a thin film of carbon and/or
some other conducting material, doping with secondary ions, etc [12-14]. From a commercial
and large-scale production aspect, however, carbon coating is doubtless an effective approach to
enhancing the electrochemical performance [4,15,16]. For instance, Shen et al. synthesized
porous SVP/C composite by using the sol gel method followed by freeze drying at -48⁰C and
further annealing at 800⁰C. When this electrode was cycled between 2.7 and 4 V, a specific
capacity of ~ 118 mAhg-1 at 0.05 C and 92.7% capacity retention after 50 cycles were obtained
[4]. Wang et al. proposed a honeycomb structured SVP/C and they observed 93.6% capacity
retention at the end of 200 cycles at the 1 C rate [14]. Balaya’s group prepared SVP/C by a
solution based template approach and reported 113 mAh·g-1 initial capacity and 86.7% retention
of the initial capacity after 1000 consecutive cycles of charging and discharging at 1 C [8].
Another study conducted by Jung et al observed that the rate performance of graphene supported
SVP was markedly improved from 46% at 5C to 67% at 30 C as compared to the pristine SVP
system [17].
Although the above mentioned studies report cycling stability for few hundreds of cycles, there
have been two latest reports where exorbitantly high cycle life of 20000 and 30000 cycles
showing a capacity retention of 54% and 50% respectively for SVP systems [8, 18]. These
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results may sound very appealing at the first glance however for practical applications it is
mandatory that all batteries in a pack are kept at acceptable capacity retention of ≥ 80%, below
which the battery must be replaced to keep the system integrity. Since the electrode cycle life
projects the battery stability and based on the factor of safety we consider that any system ≤ 85%
capacity retention after a long cycle is practically not usable. We have noted that both of these
literatures (Table 4.1) exhibit a cycle life of few thousands of cycles at ≥ 85% capacity retention
in reality.

Table 4.1: Comparison of different literature on SVP electrodes since 2013.
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Table 4.1 also provides the comparison of the present work with the recent literatures (since
2013) and evaluates the cycling stability at ≥ 85% capacity retention [8, 17-24]. These
observations confirm that there is further scope to improve the rate capability and cycling
performance by devising new nanostructured architectures for SVP/C composites. In the present
work, we report a template- free novel nanoflake SVP architecture with a uniformly grafted
nanolayer of in situ grown reduced graphene oxide (rGO) derived from oleic acid. This flaky
morphology, along with the rGO grafts, effectively shortens the Na+ ion diffusion length.
Moreover, the thin-layered rGO grafts can provide improved electronic conductivity and
electrochemical performance because of their effective current collection property. A noteworthy
cycling performance (6000 cycles with ≥ 85% initial capacity retention, the highest recorded till
date) and rate capability were observed, which was attributed to the lower hysteresis voltage and
stable rGO grafting onto the 3D network of SVP. This in situ grown rGO on SVP samples also
provides the advantage of high tap density which unlike the conventional electrode systems
require conducting carbon in 10-20 wt% to be blended with the active material thereby lowering
the tap density. Here, since the rGO forms a thin uniform layer (~ 1-2 nm) on the SVP, the
effective weight percentage of this coated carbon was found to be < 7%. Thus the present work
exploits the utilization of in situ grown rGO on SVP samples as cathode for SIBs, which shows
superior electrochemical performance in terms of specific capacity, rate capability, and capacity
retention.

4. 2. Experimental Section:
4.2.1. Synthesis of SVP-C:
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All reagents in the present study were obtained from Sigma Aldrich. NaH2PO4 and V2O5 were
mixed in a stoichiometric ratio of 3:1 in methanol under stirring at room temperature. 1 mL
polyethylene glycol (PEG) was added to the above solution and stirred for 3 h. The resulting
yellow solution was kept in a microwave solvothermal set-up (model: microSYNTH) at 180⁰C
for 30 min. The resultant precipitate was collected, washed thoroughly using de-ionized water,
and dried at 80⁰C for 4 hrs. To improve the electronic conductivity of SVP, oleic acid was added
to the solvothermally obtained powder. This mixture was mixed well using a pestle and mortar.
To get an optimal performance, different proportions of oleic acid was added to the SVP. All
these oleic acids treated SVP samples (SVP-C) were annealed at 650⁰C for 6 h under Ar
atmosphere. The pure SVP samples were prepared by direct annealing of the solvotheramlly
obtained powder at 650⁰C for 12h.

4.2.2. Morphology and phase analysis of SVP and SVP-C:
The morphology of the SVP and SVP/C samples were examined using field emission scanning
electron microscopy (FESEM; JEOL JSM-7500FA) and high resolution transmission electron
microscopy with fast Fourier transform capability (HR-TEM-FFT; model: JEOL JEM-2011).
Powder X-ray diffraction (XRD; GBC MMA XRD), X-ray photoelectron spectroscopy (XPS;
XPS-SPECS GmbH), Raman spectroscopy (JY HR800 Spectrometer) and Fourier transform
infrared spectroscopy (FTIR; Shimadzu FTIR Prestige-21) analyses were carried out to analyze
the phases of the SVP and SVP/C samples.

4.2.3. Electrochemical characterization of SVP and SVP-C:
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For the half cell fabrication, the cathodes were prepared by making a slurry consisting of 90 wt%
active material and 10 wt% polyvinylidene fluoride (PVDF) binder dissolved in N-methyl
pyrrolidone (NMP). For the pure SVP sample, 7 wt% carbon black was used as the conductive
agent when fabricating the electrode. The slurry was doctor bladed onto Al foil and was dried at
120 ⁰C for 12 h. The active material loading was calculated to be 3.8-4.5 mg/cm2. The active

material thickness was kept ~50µm. The coin cells (CR 2032) were assembled with pure Na-foil
as the counter and reference electrode. Polypropylene film and 1 M NaClO4/ ethylene carbonate
(EC): diethyl carbonate (DEC) (1:1, v/v) was used as separator and electrolyte, respectively. An
Ar-filled glove box (MBRAUN) was used throughout the cell assembly, where H2O and O2 level
were maintained at < 0.1 ppm. The assembled cells were galvanostatically analysed using a
multi-channel battery tester (Land CT2001A) to obtain the capacity, rate performance, and
cycling stability. Cyclic voltammetry (CV) studies at different scan rates and electrochemical
impedance studies (EIS) at a frequency range of 1MHz-1mHz were performed using a Bio-logic
electrochemical workstation.

4.3. Results and discussions:
4.3.1. Morphology and phase analysis of SVP and SVP-C:
The carbon content in the different SVP-C samples was determined using thermogravimetric
analysis (TGA) (Figure 4.1a). The SVP and SVP-C samples were heated from room temperature
to 650 0C under normal atmosphere at a ramping rate of 5 0C min-1. The curves showed weight
loss at around 100 0C, indicating water loss due to evaporation. The major weight loss at ~ 400
0

C was due to the oxidation of carbon. The weight gain of SVP and SVP-C beyond 400 0C could

be attributed to the oxidation of SVP at higher temperature. The carbon weight percentages in
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different in situ rGO grafted SVP samples were determined from the weight loss at ~ 400 0C and
found to be around 1, 3, 4.5, 6.5, and 7 wt%. The carbon content in the electrode samples was
further confirmed using the Carbon Hydrogen Nitrogen (CHN) analyses. Based on the amount of
carbon that was coated onto the SVP, the samples were designated as SVP, SVP-1C, SVP-3C,
SVP-4.5C, SVP-6.5C, and SVP-7C where SVP stands for sodium vanadium phosphate, the
number indicates the wt % of carbon, and C denotes carbon. Figure 4.1b presents the XRD
spectra of the as-prepared SVP and oleic acid treated SVPs. Similar XRD patterns for SVP have
been reported earlier in the literatures [8, 25]. It is evident from the XRD patterns that oleic acid
(the carbon source) reduces the SVP crystallization reaction time from 12 h to 6 h, revealing the
NASICON structure with Rc space group, where [V2(PO4)3] is formed via the interlinking of
VO6 octahedra with tetrahedral PO4 units.

Figure 4.1. a) TGA and b) XRD analysis of SVP and oleic acid treated SVP.

The Na+ ions are 3-dimensionally placed in the void and/or channel spaces of this [V2(PO4)3]
framework, resulting in the formation of SVP with a stable V3+ oxidation state. This 3D covalent
open structure provides large interstitial spaces, through which Na+ ions can easily intercalate
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and de-intercalate, facilitating the electrochemical reactions. No distinct peaks of any carbon
form were observed for the oleic acid treated SVP samples. Figure 4.2 presents FESEM images
displaying the morphology of SVP and typical SVP-C.

Figure 4.2. SEM images of a, b) SVP and c, d) rGO grafted SVP (SVP-6.5C).

Figure 4.2a presents 3D micro-flower-like structures composed of two-dimensional (2D) nanoflakes as building blocks with a thickness of 40-45 nm (see Figure 4.2b). This 3D arrangement of
flaky structures resulted in inter-flake voids, which can be a favorable attribute for an electrode
material. After heating with the oleic acid, the SVP retains its flower-like morphology and flaky
structure, although, unlike the pristine SVP, the carbon grafted SVP showed the presence of thin
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web-like grafts around the nanoflakes. Due to the lack of clear phase contrast, however, the
carbon phase was not distinctly identifiable from the FESEM images (Figure 4.2c&d). Phase
distinction between the SVP and the in situ rGO coating was possible using TEM (Figure 4.3).
The SVP seems to maintain its flower like morphology after prolonged ultrasonication during the
TEM sample preparation (Figure 4.3a-c). The size of the florets was found to be around 1 μm
(Figure 4.3a).

Figure 4.3. a‒c) TEM images and d) FFT pattern of in situ rGO grafted on SVP (SVP-6.5C).

The presence of macro/mesopores inside each floret and between the flakes could facilitate
deeper electrolyte infiltration and promote ionic transportation. The presence of the in situ rGO
layer was well evident in Figure 4.3b-c, and the thickness of the coating was found to be between
1-2 nm. This thin-layer rGO grafting can be beneficial for improving the tap density of the
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electrode, thereby addressing the volumetric energy density issues that are prevalent in the SIBs
[26]. The higher magnification TEM image in Figure 3(c) shows the crystalline region of SVP
with clear lattice fringes. The distance between two adjacent lattice fringes was found to be ~
0.37 nm, which is in good agreement with the theoretical d-spacing of the rhombohedral (113)
planes, and the other neighboring lattice fringe spacing was found to be ~ 0.24 nm, which
corresponds to the (300) planes (Figure 4.3c). The corresponding fast Fourier transform (FFT)
pattern contains the electron diffraction spots from different planes such as (113), (104), (110),
(300), and (012) (see Figure 4.3d). Since the presence of carbon was not detectable using XRD
(see Figure 4.1b), FTIR analysis were carried out (see Figure 4.4 a) to understand the nature of
the carbon phase. The peak at 578 cm-1 and the broad band at 1048 cm-1 demonstrate the
presence of P‒O bonds of PO4 tetrahedra. The peak around 630 cm−1 indicates the presence of
the vibrational bonds between V3+ and O2− in the isolated VO6 octahedral structures. The
stretching vibration of the terminal PO4 structure was detected at 1184 cm-1. The presence of
bands at 1556 and 1410 cm-1, corresponding to the asymmetric νas(COO-) and the symmetric
νs(COO-) stretching, are not distinctly observable because of the presence of strong P‒O
vibrations around 1048 cm-1. The asymmetric stretching of O‒C‒O at 2350 cm-1 in the SVP-C
sample shows that the carbon is actively bonded with the SVP structure [27]. Raman analysis of
the in situ rGO grafted SVP provides a better understanding of the nature of the carbon in the
SVP-C samples (Figure 4.4b). The two sharp peaks at 1353 and 1592 cm-1 correspond to the D
and G bands of reduced graphene oxide (rGO). Broad peaks from 200 to 1200 cm-1 indicate
different vibrational states of SVP (see inset of Figure 4.4b) [28]. The broad peak centered at
around 990 cm-1 is a characteristic peak of SVP. The peaks in the region of 700−400 cm−1 are the
deformation vibrations of PO4 tetrahedra [29]. The highly intense D peak represents the defect
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generated breathing mode of carbon rings due to the presence of heavy OH groups in the rGO.
The G peak seems to be formed because of the E2g phonon first order scattering of sp2 hybridized
carbon. The intensity ratio of the D to the G band (ID/IG) was found to be ~ 1.2, which is
inversely related to the size of the sp2 domains, suggesting the formation of graphitic domains.
The nature of the carbon was further confirmed using XPS analysis (see Figure 4.4c, d).

Figure 4.4. a) FTIR spectra of SVP and in situ rGO grafted SVP (SVP-6.5C), b) Raman
spectrum of in situ rGO grafted SVP (SVP-6.5C) (inset: enlargement of indicated region), c)
XPS survey spectra of SVP and in situ rGO grafted SVP (SVP-6.5C), and d) C 1s XPS spectrum
of in situ rGO grafted SVP (SVP-6.5C), showing the deconvoluted peaks.
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The peaks at binding energy of ~ 517 and 524.2 eV demonstrate the presence of V 2p3/2 and V
2p1/2 orbitals corresponding to the V3+ oxidation state. The peak at ~ 531 eV represents O 1s in
the (PO4)3- group states. The P 2p peak at ~ 134.6 eV and P 2s at ~ 197 eV reflect the presence of
(PO4)3- phosphate groups in the sample. The peak at ~1071.1 eV reveals the presence of Na. The
strong Auger peak at ~497 eV, along with the Na 1s peak, demonstrates that the Na could be
concealed under the carbon. Deconvolution of the C 1s peak in the SVP‒C sample (see Figure
4.4d) indicated the presence of four peaks, where the high intensity peak at ~284.7 eV was
assigned to the C‒C bonds. The peaks at ~ 286, 288, and 290.9 eV reveal different
configurations of C‒O bonds. The low peak intensity of these C‒O bonds as compared to the
C‒C bonds could be attributed to the successful reduction of rGO, indicating the electrical
conductivity of these carbons through the delocalized electrons in the π bonds [29, 30]. Based on
these XPS and Raman patterns, the in situ rGO grafted on SVP was confirmed to be in the form
of rGO. However, the formation of rGO onto SVP is not clear. It is anticipated that the functional
groups such as carboxyl, alkene, hydroxy from oleic acid and PEG can get inserted into the
layered carbon during the synthesis. The presence of these functional groups in the carbon
weakens the force between the layers resulting in ‘peeling off’ phenomenon producing rGO.
Moreover, the role of sodium and vanadium in the formation of rGO also cannot be neglected.
This phenomenon needs to be investigated in detail in the future work.

4.3.2. Electrochemical performance evaluation of SVP and SVP-C:
The six electrodes made from these samples were subjected to different electrochemical
characterizations to evaluate their performance in half cells. Figure 4.5(a) shows the first
galvanostatic charge/discharge profiles of SVP and the SVP-C samples at the 1 C rate in the
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potential range of 2.4‒3.8 V (vs. Na+/Na). It is observed that the charge/discharge profile can get
affected due to multiple reasons a) the low conductivity of the sample, b) the high charge/
discharge current densities and c) the presence of the carbon phase. The carbon in the electrode
system behaves like a double layer capacitor in parallel with the battery SVP which cause the
voltage to drop fast. However, the role of conductive thin layer of rGO in the SVP system is
pivotal as they could serve as a fast path for electron migration during charging and discharging.
Thus the electrons can spread onto the entire surface of SVP particles, leading to the improved
rate capability and reversibility of the sodium insertion/extraction cycles. The average specific
discharge capacity of SVP, SVP-1C, SVP-1.5C, SVP-4.5C, SVP-6.5C, and SVP-7C was
measured to be 79.5, 93, 95.4, 105.3, 110.5, and 111.1 mAhg-1, respectively (see Figure 4.5(b)).

Table 4.2. Hysteresis voltages obtained from galvanostatic charge/discharge curves for all
samples at 1 C and for SVP-65.C at different C-rates.
Samples ( at 1C-rate)

Hysteresis
voltage
(V)

C-rate
(SVP-6.5C)

Hysteresis voltage
(V)

SVP

0.101

0.1C

0.041

SVP-1C

0.096

1C

0.067

SVP-1.5C

0.089

5C

0.078

SVP-4.5C

0.086

10C

0.105

SVP-6.5C

0.067

20C

0.132

SVP-7C

0.067

Negligible initial capacity differences were observed for the SVP-6.5C and SVP-7C samples,
and the samples also showed no significant difference in the voltage plateau at ~ 3.4V.
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Additionally, the voltage polarization (hysteresis voltage) of the SVP-6.5C and SVP-7C samples
was ~ 0.067 V which was lower compared to the pristine SVP sample (0.101 V). Table 4.2
shows the voltage polarization values of the SVP and SVP-C samples. It was observed that the
voltage polarization was reduced from 0.096 to 0.067 V as the carbon content increased from 1
to 7 wt%, indicating improved electronic/ionic conductivity [9,18]. Figure 4.5 shows cyclic
voltammograms (CV) of SVP and the SVP-Cs at a scan rate of 0.5 mV·s-1. The prominent redox
peaks around 3.4 V represent the Na+ intercalation/de-intercalation mechanism, where V4+/V3+
phase transformation is taking place. The larger area under the curve and the prominent peaks of
SVP-6.5C and SVP-7C represent their better charge storage capability, which is in good
agreement with the charge/discharge curves shown in Figure 4.6a.

Figure 4.5. Cyclic voltammograms of SVP and different wt% carbon grafted SVP.

97

To further evaluate the electrochemical properties of the SVP and SVP-C samples, EIS
measurements were performed (Figure 4.6c). The charge transfer resistance (Rct) (diameter of the
semicircle on the x-axis) was seemingly reduced for the SVP-C samples as compared to pristine
SVP. Figure 4.6(d) shows enlarged EIS curves in the high frequency range, showing the solution
resistance (Rs) values.

Figure 4.6. a) Charge/ discharge characteristics of SVP and in situ rGO grafted SVP samples, b)
specific capacity vs. carbon content, c) EIS spectra of SVP and the in situ rGO grafted SVP
samples, and d) enlarged EIS curves in the high frequency region.
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The Rs values of SVP, SVP-1C, SVP-3C, SVP-4.5C, SVP-6.5C, and SVP-7C were found to be
~56, 6.4, 1.5, 1.2, 0.55, and 0.51 Ω, respectively. These lesser Rs and Rct values with increasing
carbon content could be beneficial in terms of better rate capability (Figure 4.6a, b). The prime
electron transport mechanism in rGO depends on the network formed by the sp2 bonded and sp3
bonded carbon atoms, which form a flat and long sheet with intact graphitic domains. The
delocalized π-electrons are the principal reason for the better electronic conductivity of this
carbon form. Unlike graphene, the presence of oxidized regions will hinder the long-range
electronic conductivity of this rGO, although the sp2 hybridized carbon domains form interacting
percolating pathways and provide smooth electron transportation, resulting in better electronic
conductivity and a reduction in the net resistance. Based on its superior electrochemical
performance and minimal usage of oleic acid, the SVP-6.5C sample was taken as the optimized
electrode, and further electrochemical characterizations were performed using this electrode
material.

4.3.3. Rate capability and CV characteristics of SVP-6.5C:
The rate capability of the SVP-6.5 C sample was compared with the pristine SVP sample in the
potential range of 2.4‒3.8 V (vs. Na+/Na) at different C-rates (see Figure 4.7a). The rate
capability study was initiated at 0.1 C, with repeated cycling up to 20 C in increasing order of C
rate for the first 28 cycles, and then from the 28th cycle to the 52nd cycle, the analysis was carried
out in decreasing order of C rate. The specific discharge capacities of SVP-6.5C and SVP were
decreased from ~ 116 and 110 mAhg-1 to 93 and 24 mAhg-1, respectively, as the C rate increased
from 0.1 C to 20 C. A specific discharge capacity exceeding 100 mAhg-1 was observed at 10 C
for the SVP-6.5C sample.
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Figure 4.7. a) Rate capability study of SVP and SVP-6.5C, b) charge/ discharge characteristics
of SVP-6.5C at different C rates, and c, d) Cyclic voltammogram of SVP-6.5 C in different
potential windows at different scan rates.
.
The reason for this better rate capability of SVP-6.5C compared to pristine SVP could be
attributed to the effective current collection provided by the intact rGO nanolayers in the SVP-C
sample. Figure 4.7b shows the galavanostatic charge/discharge profiles of the SVP-6.5C sample
at different C rates. The maximum discharge capacity was found to be ~ 116.5 mAhg-1 at 0.1 C,
near to the theoretical capacity of 117.6 mAhg-1 [30]. The charge/discharge plateau near 3.4 V
corresponds to the V4+/V3+ redox couple due to the extraction and insertion of two Na+ ions. The
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hysteresis voltage values of SVP-6.5C at different C rates are shown in Table 4.2. The hysteresis
voltage increased from 0.041 to 0.132 V as the C rate increased from 0.1 to 20 C. The increasing
hysteresis voltage with increasing C rate could be attributed to the uncompensated solution
resistance, leading to the high voltage drop at higher C rates. The absence of flat plateau in the
galvanostatic charge discharge curves could be attributed to the presence of bonded thin layered
rGO on the SVP nanoflakes. In the present case, the rGO behaves like a double layer capacitor in
parallel with the battery SVP which restricts the flat plateau. However, the rGO coating on SVP
is pivotal as they could serve as a fast path for electron migration during the charge discharge
process, leading to the improved rate capability and reversibility of the sodium ion
insertion/extraction cycles. Figure 4.7c shows the CVs at different scan rates, in the potential
range of 2.4 to 4 V. The prominent redox peaks around 3.4 V can be assigned to the extraction
and insertion of two Na+ ions during the V4+/V3+ phase transformation, which is consistent with
the charge/discharge characteristics shown in Figure 4.7b. From the CV curves, the
anodic/cathodic peak current ratio (Ipa/Ipc) was calculated to be ~0.981, which is near to the ideal
redox system value of 1. This demonstrates that the system remains in equilibrium in every
potential scan, indicating its highly reversible nature. The slight perturbation in this peak current
ratio could be attributed to the presence of a subsequent chemical reaction that is triggered by the
electron transfer and the dependency of this reaction on the rate kinetics as well as the scan rate.
Moreover, the hysteretic voltage between the two redox peaks (Epc-Epa) is found to be 0.14, 0.11,
0.087, and 0.064 V at scan rates of 1, 0.5, 0.25, and 0.1 mV·s-1, respectively. For the ideal
system, the hysteresis voltage can be calculated using the following equation.

E pc − E pa =

0.0592
n

(4.1)
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Where n is the number of electrons participating in the redox reaction, and Epa and Epc represents
the voltage corresponding to the anodic and cathodic peaks, respectively. In the present case, n is
2, so the theoretical hysteresis voltage was calculated to be 0.026 V. The small difference in the
hysteresis potential with scan rate could be attributed to the dependency of the reversibility of the
redox system on the standard electron transfer rate constant (k) and the scan rate (ν). If the ratio
of k/ν is too small the system will be in a quasi-reversible state, and it cannot maintain the
Nernstian concentrations. Under these conditions, the Epc-Epa will be greater than 0.0592/n V.
This value will be increased with ν. So, to change this redox system into an ideal reversible
system, the best way is to decrease ν, thus providing ample time for the surface concentrations to
adjust to the new values needed by the fluctuating voltages. Another reason for the increasing
hysteresis voltage with increasing scan rate could be that the uncompensated solution resistance
leads to the potential drop. To further investigate the structural stability of SVP-6.5C, one more
Na+ ion was incorporated into the structure and the CV studies were carried out from 4 to 1.3 V.
Now the CV curve shows four distinct redox peaks, two at ~ 3.4 V and another two at ~ 1.5 V.
The first pair corresponds to the redox couple V4+/V3+ and the second pair corresponds to the
redox couple V3+/V2+ [30]. The theoretical capacity of the V4+/V3+ redox couple is 117.6 mAh·g1

, corresponding to two Na+ reactions, and the theoretical capacity of V3+/V2+ is 58.8 mAh·g-1,

representing one Na+ reaction. Figure 4.7d shows the CV curve in the potential window of 1.3 to
4 V at different scan rates. The Epc-Epa values were found to be 0.161, 0.129, 0.097 and 0.072 V
at 1, 0.5, 0.25, and 0.1 mV·s-1, respectively. These higher Epc-Epa values as compared to the
previous values calculated from Figure 4.7c could be attributed to the presence of the additional
chemical reaction of one more Na+ ion on the lower potential side (~ 1.5 V). The theoretical
value of Epc-Epa, EIpc-EIpa (the value corresponding to the V3+/V2+ redox couple), would be
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0.0592 V (since only one electron is participating in this reaction), and the calculated values are
0.19, 0.168, 0.093, and 0.0717 V at 1, 0.5, 0.25, and 0.1 mV·s-1, respectively.

Figure 4.8. Cyclic voltammograms of SVP-6.5C for the 1st cycle and after 100cycles (inset: 100
consecutive CV curves).

These Epc-Epa and EIpc-EIpa values in the given potential window show the reversible nature of
the SVP-6.5C sample. Figure 4.8 shows the CVs for the 1st cycle and 100th cycle (with the inset
showing the CV curves of 100 consecutive cycles) in the potential range of 1.3 to 4 V. This again
confirms the reversible nature of the sample in the given potential window.

4.3.4. Cycling performances of SVP-6.5C in different potential windows:
Figure 4.9a-c presents the cycling stability at different C rates. Figure 4.9a shows the first 1000
cycles with charging and discharging at the 1 C rate. The initial specific discharge capacity was
found to be ~ 110 mAh·g-1, and it is worth noting that ~ 93% capacity was retained, even at the end
of 1000 cycles. The coulombic efficiency was observed to be more than 95%. Figure 4.9b presents
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the cycling performance at 10 C; ~ 85.6% specific capacity was retained, even after 6000 cycles of
prolonged charging and discharging. Compare to earlier literature this is the first time to report a
high capacity retention for such a long cycle life (see table 4.1). This excellent cycling stability
could be attributed to the intact rGO coating on the stable 3D network of the SVP structure, which
could enhance the reversible insertion/extraction mechanism of Na+ as indicated by the lower
voltage hysteresis between the redox peaks (Figure 4.7b‒d) and effectively tolerate the volume
changes during the cycling, resulting in better stability. Moreover, here the in situ rGO not only acts
as an effective current collector, but also resists the aggregation and pulverization of active particles
during the prolonged charging and discharging [31]. Another reason for the high cycling stability
could be attributed to the formation of compact solid electrolyte interface (SEI) layer on the sodium
metal. This compact SEI layer could prevent the direct contact between the electrolyte solvent with
the sodium metal, this could further prevent the dendrite formation. The reason for the dendritic
growth of the metal is mainly because of the shortage of metal cations in the proximity of the
sodium metal electrode. According to Sand’s model established for the Li-metal-anode system,
dendritic formation starts at the Sand’s time at which the concentration of metal ions falls to zero at
the electrode/electrolyte interfaces. This Sand’s time is directly proportional to the metal ion
concentrations at the vicinity of the negative electrode [32]. Accordingly, enough metal ion
concentration in an electrolyte or enough amount of electrolyte can avoid or control the dendrite
deposition, which means that enough amount of electrolyte or Na+ concentration can supply
sufficient amount of Na+ ions during the redox mechanism, thus it can prevent the formation of Na
dendrites resulting in better stability of the cell even after prolonged cycling.
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1C

10C

1C

Figure 4.9. Cycling performance of SVP-6.5C: a) cycling stability at 1 C for 1000 cycles, b)
cycling stability at 10 C for 6000 cycles, and c) cycling stability at 1 C for 100 cycles in a wide
potential window of 1.3 to 3.8 V.
Moreover, the Sodium is softer than lithium, which could be a favorable attribute to avoid dendrite
formation by means of mechanical pressure. Figure 4.9c shows the cycling stability at 1 C in the
potential range of 1.3 to 3.8 V (vs. Na/Na+). The higher specific discharge capacity (~ 165.4 mAhg1

) in the voltage window of 2.4‒3.8 V (Figure 4.7a) could be attributed to the additional

insertion/extraction of one Na+ in the reaction provided by the V3+/V2+ redox couple (the theoretical
specific capacity in the potential window of 1.3 to 3.8 V is ~ 176.4 mAhg-1) [30]. Even in this
potential window the sample showed good cycling stability, with ~ 83% capacity retention at the
end of 100 cycles at 1C, confirming the stability of this SVP-6.5C electrode.
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4.4. Summary:
In summary, we have investigated the highly reversible nature and electrochemical performance
of rGO-grafted Na3V2(PO4)3 cathodes. The in situ rGO nanolayer plays an important role in
improving the overall electronic conductivity of the sample and reducing the voltage
polarization, thereby improving the rate performance and reversibility. This cathode system
showed promising electrochemical performance, which includes a) high specific discharge
capacity of ~ 116.5 mAh g-1 at 0.1 C in the potential window of 2.4‒3.8 V (vs. Na/Na+) and
~165.4 mAh g-1 in the potential window of 1.3‒3.8 V (vs. Na/Na+) at 1 C, b) remarkable capacity
retention of ~ 93% and ~ 85.6% at the end of 1000 and 6000 cycles at 1 C and 10 C respectively,
and c) high rate capability, with ~ 87% theoretical capacity retention at 10 C. Furthermore, we
studied the promising reversible nature of this material by calculating the voltage hysteresis
values using cyclic voltammetry and galvanostatic charge/ discharge studies. This NASICON
structure with the intact rGO coating could be a practical solution for future sodium ion battery
applications.

4.5. Notes and references:
Note: The contents in this chapter have been published in advanced materials interfaces and the
citation is “Adv. Mater. Interfaces, 10.1002/admi.201600007”.
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Chapter 5
REVERSIBLE Fe3+/Fe4+ REDOX COUPLE IN NASICON-TYPE Na3Fe2(PO4)3 -C FOR
SODIUM ION BATTERIES

5.1. Introduction:
Searching the portable, high energy and safe storage technologies for lithium-ion batteries (LIBs)
remains one of the paramount motivations for material researchers [1]. Until now, new costeffective electrode materials have been used in the large-scale rechargeable LIBs [2]. As one
classic example, the olivine-structured LiFePO4 cathode has risen to prominence as a key
material for batteries in many commercial applications [2]. The LiFePO4 exhibits specific
capacity as high as 140−160 mAh g−1 with excellent cycling performance [2, 3]. However,
compared to layered oxides, the energy density of LiFePO4 is limited by the low operating
voltage due to the low potential of Fe2+/Fe3+ redox couple. The reversible redox couple of
Fe3+/Fe4+, which can provide a higher operating voltage and subsequently a higher specific
energy density, have not been successfully demonstrated in LIBs. This is mainly because the +4
oxidation state is not common for iron and a stable Fe4+ state was only found in a few examples
such as perovskites and related oxides [4, 5]. Furthermore, from a battery manufacturer
standpoint, a prime importance is always given to the material abundance, while designing an
electrode, i.e. iron, which is an abundant element in nature whilst lithium is not. As a natural
course, researchers have started to focus on the iron-based cathode materials for rechargeable
sodium-ion batteries (SIBs) because both sodium and iron are some of the most abundant and
nontoxic materials found in nature [6, 7]. Unlike in LIBs, the reversibility of Fe3+/Fe4+ redox
couple in layered oxides during the sodium intercalation/de-intercalation has been shown in ironbased SIBs. For instance, Kikkawa et al [8] have demonstrated the sodium de-intercalation from
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the layered α-NaFeO2, resulting in the formation of Fe4+. Moreover, Takeda et al [9] used the
Mössbauer spectroscopy to confirm the generation of Fe4+ species in an electrochemically
charged α-NaFeO2 half-cell using lithium metal as a counter electrode. As known, the formation
of a reversible Fe3+/Fe4+ redox couple from α-NaFeO2 versus Na/Na+ was first reported by Okada
and co-workers [10]. This half-cell was cycled from 3.6 to 1.5 V to obtain the initial specific
capacity of 80 mAh g−1. Recently, Komaba and co-workers [6] synthesized the P2Nax[Fe1/2Mn1/2]O2, that utilizes Mn3+/Mn4+ and Fe3+/Fe4+ redox couples to reach capacity of
~190 mAh g-1. Though promising, both α-NaFeO2 and P2-type Nax[Fe1/2Mn1/2]O2 suffered from
the poor capacity retention which was mainly due to the chemical instability of these electrodes
at higher operating voltages [11]. Therefore, in order to achieve higher electrode potential
coupled with good reversibility, new iron-based structures should be prepared by taking
advantage of their higher oxidation states. Unfortunately, there is no report on the Fe3+/Fe4+
redox couple in the sodium super ion conductor (NASICON) sodium iron phosphate-based
materials for SIBs.
NASICON-type materials have been considered as promising electrode materials for stable SIBs
owing to their open three-dimensional (3D) framework feature, high ionic conductivity, and a
small volume change (phase related) during the sodium intercalation/de-intercalation processes.
However, these materials show inherently low electronic conductivity [12]. Some of methods
used for enhancing the ion- and electron-transport kinetics in battery electrodes include
designing new materials, nanostructure engineering, functionalized conductive coatings, etc.
Among them, NASICON materials coated with carbon layers are attractive in improving both the
rate capability and the cycling stability [12]. Nevertheless, the thick carbon coating could inhibit
the migration of Na+ ions through the interface between electrode and electrolyte.
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Table 5.1. Comparison of the electrochemical properties of iron-based cathodes used for
sodium-ion batteries (SIBs).
Electrode
material

Processing
technique

Carbon
form

Carbon
weight

C rate

Capacity
-1

mAh g

No.
of
cycles

Capacity

Capacity
retention

-1

Reference
No.

(V)

(mAhg )

(%)

Voltage

(%)
After
cycling

Before
cycling
Na4Fe3(PO4)2(P2O7)

Two-step
solid-state
reaction

n.a.

n.a.

0.05

~105

20

~105

>98

>94

3.2

1

Na2FePO4F

Ultrasonic spray
pyrolysis

Thin
carbon
coating

6-8

0.1

90

100

90

81

90

3.1

13

Na 2FeP 2 O7

Solid state
Reaction

n.a.

n.a.

0.05

84

80

84

92

100

3.24

14

NaFePO4

Solid-state
reaction

Conducting
carbon

20

0.05

142

200

142

~135

95

~2.8

15

NaFePO4

Co-precipitation
Method

n.a.

n.a.

0.05

125

50

125

~118

>95

2.8

16

Amorphous FePO4

Precipitation
method

conducting
carbon

20

n.a.

179

25

179

~173

97

~2.8

17

Amorphous FePO4*

Hydrothermal
process

Carbon
nanotube

n.a.

0.5

66

300

66

60

~90

~2.8

18

FePO4

Hydrothermal/
electrochemical
insertion process
Hydrothermal
process

n.a.

n.a.

0.05

147

2

147

50.6

~34

2.8

19

2

0.1

115

12

115

~115

~100

3.3

20

$

Solid state
reaction

n.a.

n.a.

1

61

$

200

61

49

~80

3.4

This work

#

Solid state
reaction

Graphitic
carbon

1.7

1

96

#

200

96

93

>96

3.4

This work

Na2FePO4F*

Na3Fe2(PO4)3

Na3Fe2(PO4)3

*

Carbon

#

-1

The cell tested against Li metal. $Capacity at 0.1 C is ~84 mAhg-1. Capacity at 0.1 C is ~109 mAhg .
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Due to this delicate balance, one of the most promising strategies is to confine the electrode
material within a uniformly thin carbon sheath, forming a percolating 3D conducting network. In
order to combine all of the aforementioned advantages, herein, we discuss a new class of cathode
based on Na3Fe2(PO4)3, referred to as SIP. The present work also tries to understand the
mechanisms involved for the better reversibility of Fe3+/Fe4+ redox potential system at ~3.4 V
(vs. Na/Na+) when compared to other reported iron-based poly-anion frameworks, such as
Na2FePO4F (~3.2V) [13], Na2FeP2O7 (3 V) [14], NaFePO4 (~2.7 V) [15], and Na4Fe3(PO4)2(P2O7)
(3.2 V) [1] used for SIBs (Table 5.1) [1, 13─20].

5.2. Experimental Section:
5.2.1. Materials:
All reagents in this work were purchased from Sigma Aldrich and used as received without any
purification.

5.2.2. Synthesis of Na3Fe2 (PO4)3 (SIP) and carbon wrapped SIP (SIP-C):
In a typical experiment, NaH2PO4 and Fe2O3 in a stoichiometric ratio of 3:1 were mixed using a
pestle and mortar. The resultant powder was kept for annealing at 750 ⁰C for 12 h to get the pure
phase SIP. To improve the conductivity of the sample, different amounts of oleic acid were
added as carbon source prior to annealing. The optimized SIP sample treated with oleic acid was
designated as SIP-C in which the weight ratio of SIP precursor to oleic acid was maintained at
1:3. After annealing, the carbon amount in the obtained optimized SIP-C sample was found to be
~1.7 wt%.
5.2.3. Morphology and phase analyses of SIP and SIP-C:
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The morphology of the SIP and SIP-C samples were examined using the field emission scanning
electron microscopy (FESEM; JEOL JSM-7600F) and high-resolution transmission electron
microscopy (HRTEM) with energy dispersive spectroscopy (EDS) and selected area electron
diffraction (SEAD) (JEOL JEM-2100F). The powder X-ray diffraction (XRD; Lab X, XRD6000, Shimadzu), X-ray photoelectron spectroscopy (XPS; VG ESCALAB 220I-XL), Raman
spectroscopy (WITec; confocal Raman, excitation laser: 532 nm), and Fourier transform infrared
spectroscopy (FTIR; PerkinElmer, Spectrum GX) were used to determine the phases of the SIP
and SIP-C samples. The carbon contents in the different amounts of oleic acid treated samples
were determined using the thermo-gravimetric analysis (TGA; Q500). The ex-situ X-ray
absorption near edge structure (XANES) measurement was carried out with the XAFCA beam
line to confirm the presence of Fe4+ state in the charged cell.

5.2.4. Electrochemical characterization of SIP and SIP-C:
In the half-cell preparation, the cathode was prepared with slurry consisting of 70 wt% of active
material, 20 wt% of carbon black, and 10 wt% polyvinylidene fluorides (PVDF) binder dissolved
in N-methyl pyrrolidone (NMP), which was then coated onto an Al foil and dried at 120 ⁰C for
12 h. The coin cell (CR 2032) was assembled with the pure Na foil as the counter and reference
electrodes. Polypropylene film and 1 M NaClO4/propylene carbonate (PC) with 5%
fluoroethylene carbonate (FEC) were used as separator and electrolyte, respectively. The cell
assembly process was carried out in an Ar-filled glove box (MBRAUN), in which H2O and O2
were maintained at < 0.1 ppm. The assembled cells were galvanostatically analyzed using a
multi-channel battery tester (Land CT2001A) to obtain the capacity, rate performance, and
cycling stability. Samples used for ex-situ characterizations were obtained by de-crimping the
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prepared, charged, and cycled cells in the glove box. Cyclic voltammetry (CV) studies at
different scan rates and the electrochemical impedance spectroscopy (EIS) measurements at a
frequency range from 1 MHz to 1 mHz were performed using an Autolab PGSTAT302N
electrochemical workstation (Metrohm).

5.3. Results and discussions:

5.3.1. Morphology and phase analysis of SIP and SIP-C:
The unsuccessful exploitation of cathodes based on the Fe3+/Fe4+ redox couple in LIBs can be
mainly attributed to the unmatched electrochemical potential (μ, >4.3 V), which is greater than
the potential window of commonly used electrolytes [21]. On the other hand, this redox potential
position can be exploited for SIBs because of the 0.3 V lower reduction potential position of
Na/Na+ as compared to the Li/Li+ counterpart. This has motivated researchers to explore sodium
iron-based layered oxides, in which the Fe3+/Fe4+ redox couple has been successfully exploited at
higher voltage of ~3.3 V [11]. However, these layered oxides still show unsatisfactory cycle
performance, which can be attributed to the low stability of octahedrally coordinated Fe4+ species
that undergoes spontaneous reduction to Fe3+ in the charged state. These Fe3+ ions, which have
zero octahedral field stabilization energy, migrate to the face-shared tetrahedral sites because of
the sufficiently high concentration of sodium vacancies created during the de-intercalation
process. The tetrahedral Fe3+ ions not only hinder the diffusion of sodium by blocking the inplane octahedral−tetrahedral−octahedral pathway, but also cause the O3 structure pinning effect.
This pinning effect can prevent the overall layer rearrangement to the P3 phase (required for
stable reversibility) and result in the non-equilibrium phase transition. This unique phase
transition and the cycle-to-cycle accumulation of migrated Fe species out of their original sites
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result in a gradual phase degradation, from the ideal layered structure to a more disordered
structure. This Phase degradation causes the lowering of equilibrium potential for the Na
intercalation [11]. Unlike the traditional layered structure, NASICON with a formula of
Na3M2(XO4)3 (M=Fe and X=P in this work) offers a flexible 3D open framework with corner
sharing MO6 and XO4 polyhedral arranged in the so-called “lantern units” of [M2(XO4)3], hence,
providing a better phase stability during the intercalation/de-intercalation process [22].

Figure 5.1. a) XRD (PDF card No.: 00-045-0319) and b) FTIR analyses of SIP and SIP-C
samples.

In this study, the phase purity of synthesized NASICON-type Na3Fe2 (PO4)3 was confirmed by
the powder X-ray diffraction (XRD) pattern (PDF card No.: 00-045-0319) (Figure 5.1a). The
pattern exhibited the Cc space group, confirming that [Fe2(PO4)3] is formed via interlinking of
FeO6 octahedral and PO4 tetrahedral units. These lantern units arrange themselves into a highly
covalent open structure, exhibiting large interstitial channels through which Na+ ions can easily
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diffuse. However, some other small peaks also appeared, which came from the very small
amount impurity, i.e. the monoclinic SIP crystal (PDF card No.: 00-033-1251) with Cc space
group, obtained in the synthesis of NASICON-type SIP. The diffusion of Na+ ions within the
NASICON structure is anticipated to happen in 3 different ways: 1) through the channel between
two PO4 tetrahedral units, 2) through the voids between a PO4 tetrahedron and a FeO6
octahedron, and 3) following a curved pathway to bypass the octahedron into the voids/channels
between the adjacent PO4 tetrahedron and FeO6 octahedron [23]. Although two different oxygenenvironment interstitial sites of Na+ ions, i.e. Na(I) (six-fold coordination situated between two
adjacent lantern units) and Na(II) (eight-fold coordination between two PO4 tetrahedral), can
cause the phase change, it only induces minor rearrangement in the NASICON framework. That
is, the size of Na(I) anti-prismatic cavity increases as it is being vacated, but the size of FeO6
octahedron and the Fe-Fe distance within the lantern unit essentially remain the same.
Reasonably, we can anticipate that this unaltered open 3D framework can contribute an uninterrupted fast chemical diffusion, better rate capability, and cycling performance [22], when
coupled with a percolating network of conducting carbons as current collectors. For this purpose,
the oleic acid was used as a carbon-rich source. After it was annealed with SIP, the obtained
sample was designated as SIP-C, in which the carbon amount was optimized to be 1.7 wt%,
which will be explained below. In this study, this optimized SIP-C sample was used for all the
structural and phase characterizations along with the pure SIP sample. After treated at 750 °C,
the oleic acid did not reveal any additional peaks associated with secondary carbon phases
(Figure 5.1a). Since the presence of carbon was not detectable using XRD, the Fourier transform
infrared spectroscopy (FT-IR), Raman, and X-ray photoelectron spectroscopy (XPS) were
performed to understand the effect and function of carbon in SIP-C samples.
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As shown in Figure 5.1b, the FT-IR spectrum of SIP showed predominant overlapping of ν1 and
ν3 stretching modes of (PO4)3- in the range from 1300 to 700 cm-1. Multiple peaks between 650
and 400 cm-1 are ascribed to the deformation of O-P-O angle due to the ν2 and ν4 bending modes.
The peak around 630 cm−1 presents the vibrational bonds between Fe3+ and O2− in the isolated
FeO6 octahedral structures. The band at 936 cm-1 is attributed to the external modes comprised of
Na+, Fe3+, and PO43- translations as well as the pseudo rotation motions. The presence of O‒C‒O
asymmetric stretching at 2350 cm-1 and C=O vibrations at 1684 cm-1

in the SIP-C sample

indicates that the carbon is bonded to the SIP structure after the treatment of SIP with oleic acid.

Figure 5.2. a) XPS spectra of SIP and SIP-C samples, b) de-convoluted XPS C 1s spectra of
SIP-C sample and c) Raman spectrum of SIP-C sample.

As shown in Figure 5.2a, the XPS peaks at binding energy of 710 and 723 eV indicate the
presence of Fe 2p3/2 and Fe 2p1/2 orbitals, demonstrating the Fe3+ oxidation state. The sharp peak
at 531 eV presents O 1s in the (PO4)3- group. The P 2p peak at 134 eV and the P 2s peak at 195
eV reveal the presence of tetrahedral (PO4)3- phosphate groups in the sample. The peaks at 1071,
497, 61 and 39 eV indicate Na in the SIP sample. The C 1s peak at 284 eV was de-convoluted to
clarify the nature of carbon in the SIP-C sample (Figure 5.2b).
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Figure 5.3. a) SEM image of SIP, b) SEM and c) TEM and d) HRTEM image of SIP-C. Inset in
c): the SAED pattern and inset in d) FFT pattern of SIP-C, e) STEM image and the
corresponding EDS mapping of SIP-C.

The 3 distinct de-convoluted peaks at binding energies of 284.5, 285.6, and 288.4 eV indicate the
presence of C‒C, C‒O, and O‒C=O bonds, respectively. The lower intensities of the C‒O and
O‒C=O bonds as compared to that of C‒C bond indicate that the electrical conductivity of these
carbons came from the delocalized π-electrons. The Raman analysis (Figure 5.2c) of the SIP-C
showed two high intensity peaks at 1353 and 1592 cm-1, corresponding to the D and G bands of
carbon, respectively. In addition, the band at 488 cm-1 corresponds to the deformation vibrations
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of the PO4 tetrahedral unit in the SIP-C [24], while the 953 and the 1021 cm-1 bands present the
vibration of the valence bonds of PO4 3− [24, 25]. The predominance of the vibrational bands of
PO43- anions can be attributed to the correlation effect induced by the coupling of PO43- with FeO units [24]. Figure 5.3a shows the scanning electron microscopy (SEM) image of the pristine
SIP powder, exhibiting irregularly agglomerated particles. Upon annealing the SIP power with
the oleic acid, the resultant SIP-C powder showed porous interconnected flaky morphology
(Figure 5.3b). The transmission electron microscopy (TEM) image showed that the SIP is
wrapped by carbon (Figure 5.3c). The selected area electron diffraction (SAED) patterns (inset
of Figure 5.3c) showed bright diffraction spots in the Debye ring with inter-planar spacing of
~0.37 nm, corresponding to the (021) plane of SIP and the Debye ring with inter-planar spacing
of ~0.34 representing the (002) plane of graphitic carbon [26, 27]. The high-resolution (HRTEM)
image (Figure 5.3d) and the corresponding fast Fourier transform (FFT) pattern (inset of Figure
5.3d) of the SIP-C clearly showed lattice fringes in SIP with lateral d-spacings of ~0.31 and 0.37
nm, corresponding to the monoclinic (222) and (021) planes, respectively. To verify the
elemental distribution of SIP-C powder, spatial elemental mapping for Na, Fe, P, O, and C was
carried out (Figure 5.3e), which confirmed that the darker structure in the TEM image (Figure
5.3c) is SIP with overlaying C signals due to the carbon wrapping. The carbon wrapping on SIP
might arise from the decarbonylation of oleic acid during the annealing process, which in turn
led to the formation of CO and H2O. The resultant CO can reduce the exposed Fe2O3 surface to
metallic Fe. At temperature of ~750 °C, Fe exhibits the face centered cubic (FCC) structure [28].
It is anticipated that carbon atoms can be easily held within this loosely packed structure,
forming solid solution. A slow cooling rate used in the present study allows the sufficient time
for Fe atoms to rearrange into the body centered cubic (BCC) structure [29]. Due to the lower
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solubility of carbon in BCC structure as compared to the FCC structure, the BBC structure
cannot hold as many carbon atoms as FCC structure and let the carbon precipitate as thin layers
[29]. By the virtue of mismatch of the coefficient of thermal expansion between carbon and Fe,
these thin carbon layers’ experience tension leading to wrapping of the formed SIP. The TEM
image and the corresponding SAED pattern of the pristine SIP powder are shown in Figure 5.4a
and inset of Figure 5.4a, respectively. Furthermore, Figure 5.4b shows the clear lattice fringes of
this graphitic carbon in SIP-C.

Figure 5.4. a) TEM image (inset: SAED pattern) of pristine SIP sample and b) HR-TEM image
of SIP-C sample showing the lattice fringes of carbon.

Although we can modulate the amount of oleic acid to get different weight percentages of carbon
(Figure 5.5a) in SIP, the best specific discharge capacity (at 0.1 C rate in the potential range of
1.5‒4.2 V (vs. Na+/Na)) was obtained when the carbon content was maintained at weight percent
of ~1.7 (Figure 5.5b). Therefore, the following electrochemical characterization was performed
on this optimized SIP-C electrode with carbon of 1.7 wt%. The rate capability of the SIP-C
sample was compared with the pristine SIP in the potential range of 1.5‒4.2 V (vs. Na+/Na) at
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different C-rates (Figure 5.6a). The theoretical specific capacity and specific energy density in
the given potential range were found to be ~115 mAh g-1 and ~326 Wh kg-1, respectively. The
discharge specific capacity of SIP-C and SIP decreased from 109 to 75 mAh g-1 and from 84 to
23 mAh g-1, respectively, when the C rate increased from 0.1 to 5 C. The average coulombic
efficiencies of both cells were observed to be > 90% at different C rates (Figure 5.6b). This
better columbic efficiency indicates the less secondary parasitic reactions arising from the
decomposition of electrolyte or other phase changing redox reactions in the battery [30, 31].

Figure 5.5. a) TGA analysis and b) the plot of capacity vs carbon content in SIP and different
SIP-C samples.

5.3.2. Electrochemical performance evaluation of SIP and SIP-C:
Decreasing in the specific capacity with increasing C rate, as observed in rate capability study,
could be attributed to the reduced participation of the active SIP sites during the fast
charge/discharge process and the poor current collection properties of the electrode, where the
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electrons recombine from the excited state to the ground state before they reach the external
circuit.

Figure 5.6. a) Rate capability, b) coulombic efficiency, c) Nyquist plots (inset: the equivalent
circuit) and d) cycling stability of SIP and SIP-C samples at 1 C.

However, in the SIP-C electrode, this electron transportation is facilitated by the presence of
carbon which provides percolating conducting pathways from the electrode/electrolyte interface
to the external circuit, resulting in an improved rate capability compared to their pristine SIP.
The principal electron transport mechanism in this carbon network depends on the sp2-hybridized
carbon atoms (see the high intensity (C─C) peak in Figure 5.2b) with the delocalized π-electrons
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to form an interacting percolating pathway, which provides the smooth electron transportation
and results in better electronic conductivity. This can be corroborated from the Nyquist plot of
the SIP and the SIP-C cells (Figure 5.6c). The charge transfer resistance (Rct: diameter of the
semicircle on the x-axis) reduced from 410 Ω (SIP) to 193 Ω (SIP-C), indicating an easier
transport of electrons/ions through the electrode/electrolyte interface in SIP-C. Moreover, the
four-probe measurement also confirmed the resistance reduction in SIP-C. The pristine SIP
sample showed a sheet resistance of ~14.5 × 103 Ω sq-1 which is ~7 times that of SIP-C (~2.1 ×
103 Ω sq-1). Figure 5.6d shows the specific discharge capacity of the SIP and SIP-C at 1 C rate in
the first 200 cycles. The initial specific discharge capacities of the SIP and SIP-C were estimated
to be ~61 and 96 mAh g-1, respectively. The capacity retentions in the SIP and SIP-C samples
were found to be ~80 % and 96 %, respectively, after 200 cycles. Compared to the previous
reports, the capacity retention of our SIP-C sample is better (Table 5.1). In addition, the cycling
performance of pristine SIP is better than the previously reported Fe3+/Fe4+ based cathodes which
could be attributed to the flexible 3D open framework of SIP compared to the layered or the
olivine systems [10, 11]. Importantly, the coulombic efficiency was consistently maintained at >
90% for both SIP and SIP-C samples during this prolonged cycling (Figure 5.7). The capacity
fading could be attributed to three major factors [30]: 1) degradation of electrolyte at high
operating potential, 2) dissolution of the electrode into electrolyte, and 3) dimensional or
structural variations within the electrode during the cycling.
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Figure 5.7. Coulombic efficiency of SIP and SIP-C samples in the first 200 cycles of charging
and discharging.

During the cycling, the volumetric expansion/contraction, causing the SIP matrix to be stretched
and relaxed, is anticipated in the electrode. This leads to the formation of microscopic tensile and
compressive stress in the entire electrode. However, in the SIP-C sample, the presence of
percolating carbon can distribute these microscopic stresses along the electrode matrix. The
bridging of these carbon layers over each other could also increase the shear strength of the
electrode, which in turn may help to prevent the crack formation and avoid any peeling or
delamination under cycling.

125

Figure 5.8. SEM images of a, b) SIP, and c, d) SIP-C after 200 cycles of charging/discharging at
1 C rate.

In this study, the carbon phase can also prevent the agglomeration and degradation of active
particles by forming a protective layer during the prolonged charging and discharging, leading to
the improved cycling stability. However, in the pristine SIP electrode, during cycling, the
particles tend to oscillate relative to their original positions. The microscopic stress generated
during cycling in such dense and agglomerated SIP electrode matrix will have the tendency to
undergo mechanical fatigue and fracture of the SIP electrode particles [31]. As a consequence,
these SIP particles lose electric contact between each other resulting in capacity fade. This was
confirmed from the SEM images of SIP and SIP-C electrodes after 200 cycles of charging and
discharging (Figure 5.8). Figure 5.8a-b showed the presence of sub-microscopic cracks on the
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surface of SIP, while the SIP-C electrode did not show any cracks (Figure 5.8c-d), indicating
better structural stability of SIP-C during cycling.

Figure 5.9. CV curves of SIP-C obtained at scan rate of 0.1mV s-1 in the potential window of (a)
1.5 to 4.2 V (the arrows indicate the Fe3+/Fe4+ redox couple) and (b) 2.8 to 4.2 V. (c)
Charge/discharge profile of SIP-C.

The cyclic voltammetry (CV) curve of the SIP-C sample (vs. Na/Na+) in Figure 5.9a shows two
regions, representing the redox couples for Fe3+/Fe2+ (< 3.0 V) and Fe3+/Fe4+ (> 3.0 V). In Figure
5.9b, the presence of the Fe3+/Fe4+ redox couple was observed. These redox couples showed
minimal voltage hysteresis, indicating good reversible property of SIP-C in this wide potential
window from 1.5 to 4.2 V. Figure 5.9c shows the charge/discharge characteristics of SIP-C in the
potential range from 1.5 to 4.2 V (vs. Na/Na+) at 0.1 C. The charge/discharge plateaus were
found to be in agreement with the redox peaks observed in the CV (Figure 5.9a). For the
NASICON crystal structure, it is anticipated that the Na+ ions can occupy two interstitial sites
during the charge/discharge process in the given potential range, i.e. Na(I) (six-fold coordination
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situated between two adjacent lantern units) and/or Na(II) (eight-fold coordination between two
PO4 tetrahedral).

Figure 5.10. Initial charge/discharge profiles of SIP-C samples at 1C.

The charge/discharge profile for the initial cycles demonstrating the reversibility of the SIP-C
sample at 1 C is shown in Figure 5.10. To distinguish the capacity contribution of Fe3+/Fe4+ and
Fe3+/Fe2+, the galavanostatic charge/discharge studies from 1.5 to 3.0 V and from 3.0 to 4.2 V
(vs. Na/Na+) were carried out (Figure 5.11). The capacities of SIP-C above and below 3.0 V were
found to be ~22 and 68 mAh g-1, respectively, at 1 C. In addition, the cycling performance of
SIP-C at 1 C from 3.0 to 4.2 V was found to be promising (~99 % capacity retention at the end
of 100 cycles. Figure 5.11b). Furthermore, the stability of Fe4+ state in SIP-C was confirmed by
the self-discharge test.
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Figure 5.11. First 100 cycles of charging and discharging of SIP-C sample in the potential
window of a) 1.5-3 V and b) 3-4.2 V at 1 C.

After the SIP-C was charged to 4.2 V and kept for 15 days in the charged state, > 3.4 V was
retained, indicating the low self-discharge property and the stability of Fe4+ state. In contrast, the
previously reported α-NaFeO2 layered system showed the rapid self-discharge from 0.5 state of
charge [11].

5.3.3. XPS and XANES analyses of SIP-C:

Figure 5.12. Fitted XPS curves of a) the prepared SIP-C electrode and b) after charging to 4.2 V
and c) Fe K-edge XANES spectra of the prepared and charged SIP-C electrodes.
129

The formation of stable Fe4+ oxidation state in the SIP-C was further confirmed by the ex-situ
XPS study. Figure 5.12a showed the Fe 2p XPS analysis of the prepared cell, containing
multiplet of Fe3+ states. However, the de-convoluted XPS data of the cell charged at 4.2 V
showed peaks for both Fe3+ and Fe4+ states (Figure 5.12b). Moreover, to further confirm the
formation of Fe4+ state, the ex-situ X-ray absorption near edge structure (XANES) measurement
[32] was carried out on the as-prepared and the charged SIP-C cells. The Fe K-edge XANES
spectra (Figure 5.12c) showed the overall edge position of the charged electrode shifted to the
higher energy as compared to the as-prepared electrode due to the increase in binding energy for
the Fe electrons. The valence of Fe in the as-prepared SIP-C sample is +3. For the charged
electrode, the obvious absorption edge shift to the higher energy position indicates the formation
of Fe4+.

Figure 5.13. Fe K-edge XANES spectra of prepared and self-discharged SIP-C electrodes at
different energy ranges.

130

Furthermore, the stability of the Fe4+ state in a charged cell was analyzed after 2 weeks of selfdischarge (Figure 5.13). The absorption edge position of the self-discharged electrode is higher
than that of the as-prepared SIP-C sample, indicating that the average valence of iron is above 3,
confirming the stable formation of Fe3+/Fe4+redox couple.

5.3.4. Energy diagram of Fe3+/Fe4+ redox couple against Na/Na+:

Figure 5.14. The schematic energy diagram of iron redox couple against Na/Na+.

The schematic energy diagram of Fe3+/Fe4+ redox couple against Na/Na+ is illustrated in Figure
5.14. In general, an anode with electrochemical potential (μ) above the lowest unoccupied
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molecular orbital (LUMO) will reduce the electrolyte, unless a passivation layer like solid
electrolyte interface (SEI) layer creates a barrier to the electron transfer from the anode to the
LUMO of electrolyte. On the other hand, a cathode with a μ below the highest occupied
molecular orbital (HOMO) will oxidize the electrolyte unless a passivation layer blocks the
electron transfer from the HOMO of electrolyte to the cathode [33]. Therefore, to have a
thermodynamically stable system, it is very important to locate the electrochemical potentials of
cathode and anode within the electrolyte window. Generally, the open circuit voltage (Voc) of a
cell can be described in Equation (1) [33]:

eVoc = μAnode-μCathode

(5.1)

where e is the magnitude of electron charge. The Voc is mainly constrained by the
electrochemical window (VE), which is always less than or equal to the electrochemical window.
However, in most cases, the electrochemical cell is kinetically stable beyond the Voc (provided
that the difference between the Voc and VE should not be too large) because of the formation of
SEI layer at the interface of electrode/electrolyte. In the present study, the Voc was observed to
be > 3.0 V, which is much higher than the potential of the Fe3+/Fe2+ redox couple (2.5 V),
demonstrating a stable kinetics above 3 V. The driving force for the formation of Fe4+ state in the
present study is considered to be the continuous charging of SIP-C electrode above 3 V. The
charging of SIP-C electrode above 3 V normally favors the formation of Fe4+. The stability of the
formed Fe4+ state depends on the structural redistribution of the material and the electrolyte
stability. The NASICON structure is usually considered to be stable, owing to their open threedimensional (3D) framework feature, high ionic conductivity, and a small phase related volume
change during the sodium intercalation/de-intercalation processes. In general, the instability of
the redox couple occurs because of two main reasons: (1) the redox potential is located away
132

from that of Na/Na+ and located above the electrochemical window of the electrolyte, which
cannot guarantee the neutrality of the electrolyte versus the cathode; (2) The redox couple
potential is too close to that of Na/Na+, which results in a too low voltage of the cell. Such
behavior is related to the high spin configuration and instability. In the present study, the
Fe3+/Fe4+ (3.0-3.6 V) redox couple is located in an ideal potential range, which we believe is the
reason for the better stability of the SIP-C system. Moreover, the observed high reversibility of
the charge/discharge processes is due to the minimal volume change associated with the
NASICON structure and the similarity of the crystal structure of charged and discharged states.
Unlike the high capacity cathodes used for SIBs [34, 35], we believe that this Fe3+/Fe4+ redox
couple can be beneficial for improving the energy density of the SIBs by means of improved
voltage in combination with stable anodes [36, 37].

5.4. Summary:
In summary, we have investigated the reversible nature of Fe3+/Fe4+ redox couple and the
electrochemical performance of Na3Fe2(PO4)3 cathodes. The NASICON-based Na3Fe2(PO4)3
wrapped with the conducting carbon, i.e. SIP-C, exhibited a discharge specific capacity of ~109
mAh g-1 and cycling stability with > 96% capacity retention after 200 cycles. The CV, XPS, and
XANES analyses revealed the formation of Fe4+ oxidation state in the charged cell. After
examining the self-discharge behavior, the cycling performance and the coulombic efficiency of
the charged cell, we confirmed the reversibility of Fe3+/Fe4+ redox couple in the SIP-C. We
believe that the present study can open up new strategy for the development of stable Fe3+/Fe4+
redox couple based cathode materials for SIBs. Although the present study shows potential
benefit of Na3Fe2(PO4)3 in improving the operating voltage, there are plenty of other scopes to
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further improve the rate and cycling stability of this material. Moreover, an appropriate active
component that makes of the counter electrode also needs detailed investigation in order to gain
deep understanding of electrochemical performance of a full working cell.

5.5. Notes and references:
Note: The contents in this chapter have been published in advanced materials and the citation is
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Chapter 6
LARGE SCALE PRODUCTION OF NASICON-Type Na3Fe2(PO4)3-C AND
IDENTIFICATION OF APPROPRIATE ANODE MATERIALS

6.1. Introduction:
6.1.1. Cathode material:
Among the different cathode materials explored in this doctoral work, we observed that the
NASICON-Type Na3Fe2(PO4)3-C (SIP-C) could be an optimal electrode material in terms of
cost, ease of fabrication, having an environmentally benign nature, and electrochemical
performance. Hence, the main focus of the present work was to scale up the Na3Fe2(PO4)3 (SIP)
and identify a proper carbon source to enhance its performance. The use of oleic acid as a carbon
source is the best way to coat a thin layer of carbon coating on the active material. The previous
chapter showed good carbon coating and enhanced electrochemical performance for the oleic
acid treated SIP systems. The oleic acid is in liquid form, however, so that large scale production
may not be feasible. Scaling up batches in stages showed that mixing oleic acid in large quantity
with SIP precursor is a difficult task and may not be economically viable. Thus, identification of
a proper solid-state carbon source is an unavoidable step for the scaling up of the SIP-C electrode
material. Different carbon sources such as sucrose, glucose, and citric acid were tried out to
replace the oleic acid. Citric acid treated SIP was identified to be a better carbon source, both in
terms of both scaling up and economics. Repeated laboratory scale-up of uniformly blended SIP
with citric acid based carbon showed stable electrochemical performance similar to that of the
oleic acid treated samples. Scaled up batches (200 g) showed consistent reproducible results in
half cell format.
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6.1.2. Anode materials:
The second part of the present work was to identify a proper anode to make a full cell. Hard
carbon (HC) and different types of sodium titanate (Na2Ti3O7 and Na2Ti6O13) have been
identified as anode materials based on their half-cell performance.

6.1.3. Hard carbon (HC):
Even though graphite is an ideal anode system for LIBs, due to the larger atomic radius of
sodium, the insertion of Na+ into the graphitic layers is practically impossible [1, 2]. Different
alternative non-graphitic carbons were explored, such as carbon black [3], carbon
microspheres [4], hierarchically porous carbon [5], nitrogen-doped carbons [6, 7], and graphene
nanocomposites [8] and nanostructures [9, 10] for SIB applications [11], although most of them
showed substantial capacity fading during prolonged cycling. Among the different carbon-based
anodes for SIBs, HC has attracted considerable attention because of its superior electrochemical
properties. For instance, Dahn et al demonstrated a reversible capacity of around 300 mAh g−1
[12]. Later, Palacin and co-workers prepared HC, which showed a capacity of 300 mAh g−1 for
over 100 cycles [13]. Moreover, the UK based company Faradion demonstrated the promising
anodic performance of HC for SIB applications. This company’s R&D sector also demonstrated
a proof-of-concept electric bike powered by sodium-ion batteries using HC as the anode material
[14].

6.1.4. Sodium titanate (NTO):
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One of the main disadvantages of many of the carbon-based anodes is the absence of a charge
discharge plateau [4, 5]. Even though hard carbon exhibits a plateau it is generally located below
0.1 V. This can cause some safety concerns because of the possibility of sodium plating and
associated thermal instability leading to thermal runaway [15]. Many other high capacity anodes
explored for SIBs showed high volume changes during cycling, leading to poor cycling
performance [16-20]. Recently, Na2Ti3O7 (NTO (1:3)) has come to be regarded as a promising
sodium-ion battery (NIB) anode. Its sodium storage property was first reported by Palacín et al.
in 2011[21]. The mechanism of sodium storage involves a 2-phase reaction between Na2Ti3O7
and Na4Ti3O7, and two moles of sodium are stored per mole of Na2Ti3O7. This material also
exhibits reasonably good capacity (178 mAh·g-1), and it has a low voltage plateau around 03-0.4
V vs. Na/Na+ [21-24]. This lower voltage plateau could be beneficial for a high full-cell potential
and hence high energy density. The major disadvantage of this material, howeverm is its high
voltage polarization of more than 0.2 V. Apart from this, there have been reports in the literature
on the unstable nature of the fully sodiated state (Na4Ti3O7) due to self-relaxation [25], leading to
poor cycle life [21-27]. Na2Ti6O13 (NTO (1:6)), was first shown to be electrochemically active in
LIBs [28]. Later, this system was studied for the sodium storage capability. Initially, the report
suggested that the system can show reversibility for less than half a mole of sodium per one mole
of Na2Ti6O13 when employed in SIBs at C/12 [29]. Recently, Wagemaker et al. reported that by
lowering the cut-oﬀ voltage from 0.3 to 0 V vs. Na/Na+, the reversible capacity of the Na2Ti6O13
material could be enhanced from 49.5 mAh·g-1 (Na3Ti6O13) to a promising 196 mAh·g-1
(Na4Ti6O13) [30]. Even though the capacity of the material was reported to be quite low, it
exhibited a plateau at 0.8 V, so it is considered as a safe anode material for SIBs. Full cell
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fabrication is being attempted by evaluating and optimizing the mass balance between the two
electrodes.

6. 2. Experimental Section:
6.2.1. Materials:
All reagents (NaH2PO4·7H2O and Fe2O3, glucose, citric acid, TiO2, Na2CO3, PVDF, NMP,
acetylene black, etc.) in this work were purchased from Sigma Aldrich and used as received
without any purification. The hard carbon (HC) was purchased from Showa Denko, Japan.

6.2.2. Synthesis of Na3Fe2(PO4)3 (SIP) and carbon wrapped SIP (SIP-C):
In a typical experiment, NaH2PO4·7H2O and Fe2O3 were mixed in a stoichiometric ratio of 3:1.
Different carbon sources were added into the SIP precursor mixture and ball milled for 30 mins.
The resultant powder was kept for annealing at 750 ⁰C for 12 h to obtain the carbon coated SIP

samples. The optimized SIP sample treated with citric acid was designated as SIP-C, in which

the carbon weight percentage was maintained at around 1.6 wt%.

6.2.3. Synthesis of sodium titanate (NTO):
The NTO samples were prepared using a solid-state technique. First, Na2CO3 and TiO2 were ball
milled in a stoichiometric ratio for 30 mins. Then, the samples were annealed at 800°C for 20 h
in air. The resultant samples were collected and were ball milled again for 30 min, followed by
annealing at 800°C for 20 h. To improve the conductivity of the NTO samples, in the second
stage of annealing, carbon nanotube (CNT) was added prior to the ball milling, and the sample
was annealed under Ar for 20 h. The ramping rate was maintained at 5°C/min.
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6.2.4. Morphology and phase analyses of SIP, SIP-C, HC, and NTO samples:
The morphology of the SIP-C samples was examined using field emission scanning electron
microscopy (FESEM; JEOL JSM-7600F). The carbon contents in the SIP-C samples were
determined using thermogravimetric analysis (TGA; Q500).
6.2.5. Electrochemical characterization:
In the half-cell preparation, the cathode was prepared from a slurry consisting of 80 wt% active
material, 10 wt% acetylene black, and 10 wt% polyvinylidene fluoride (PVDF) binder dissolved
in N-methyl pyrrolidone (NMP), which was then coated onto Al foil and dried at 120 ⁰C for 12

h. For the NTO samples, 75 wt% active material, 15 wt% acetylene black, and 10 wt%
carboxymethyl cellulose (CMC) binder were dissolved in deionized (DI) water, and the slurry
was then coated onto Cu foil and dried at 80 ⁰C for 12 h in vacuum. For the HC, 80 wt% active

material, 10 wt% acetylene black, and 10 wt% PVDF binder were dissolved in NMP, and the
prepared slurry was then coated onto Cu foil and dried at 120 ⁰C for 12 h under vacuum. The
coin cells (CR 2032) were assembled with pure Na foil as the counter and reference electrode.

Glass fiber (GF/D, Whatman) and 1 M NaClO4/propylene carbonate (PC) and ethylene carbonate
(EC) (1/1, v/v) with 2% fluoroethylene carbonate (FEC) were used as the separator and
electrolyte, respectively. The cell assembly process was carried out in an Ar-filled glove box, in
which H2O and O2 were maintained at < 0.1 ppm. The assembled cells were galvanostatically
analyzed using a multi-channel battery tester (Neware BTS-610) to obtain the capacity, rate
performance, and cycling stability. Cyclic voltammetry (CV) studies at different scan rates and
electrochemical impedance spectroscopy (EIS) measurements in the frequency range from 1
MHz to 1 mHz were performed using a Zahner Z1.29 electrochemical workstation.
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6.3. Results:
6.3.1. Large scale SIP-C sample:
Figure 6.1a is a photograph of the scaled-up SIP-C sample. Figure 1b shows the morphology of
the SIP-C sample, where the carbon is obtained from citric acid. The morphology of the sample
seems to consist of irregular porous structures.

Figure 6.1. a) Photograph of scaled-up SIP-C and b) FESEM image of SIP-C.

The carbon content in the SIP-C samples was determined using thermogravimetric analysis
(TGA) (Figure 6.2). The SIP-C samples were heated from room temperature to 650 °C under
normal atmosphere at a ramping rate of 5 °C min-1. The initial weight loss was around 100 °C,
indicating water loss due to evaporation. The weight loss at ~ 400 °C was due to the oxidation of
carbon. The weight gain of SIP-C beyond 550 °C could be attributed to the oxidation of SIP at
higher temperature. The carbon content in the present study was maintained at around 1.6 wt%,
which is comparable with the carbon wt% for the best performing oleic acid treated SIP-C
sample in the previous chapter.
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Figure 6.2. TGA curve of SIP-C showing the wt% of the carbon.

6.3.2. Electrochemical performance of SIP-C:
In order to replace the oleic acid as the carbon source, different solid state carbon samples were
mixed with the SIP precursors to obtain carbon coated SIP samples. Figure 6.3 shows the
electrochemical impedance spectra (EIS) of SIP and different SIP-C samples (where the C stands
for citric acid and G stands for glucose as the carbon source). All these samples showed similar
trends, but the citric acid treated sample showed less charge transfer resistance (Rct), indicating
that this electrode material with lower Rct values had more affinity towards the electrochemical
reactions on the electrode/electrolyte interface due to the enhanced conductivity. Thus, we have
opted for citric acid as the carbon source. The remaining electrochemical characterizations were
performed using the citric acid treated SIP system, which is designated as SIP-C. Figure 6.4
presents the rate performances of the SIP and SIP-C samples.
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Figure 6.3. EIS curves of SIP and SIP-C samples.

For a better understanding of the benefits of carbon coating on the SIP samples, rate performance
testing was carried out by increasing the C-rate of the samples from 1 to 10 C (Figure 6.4). At all
C-rates, the SIP-C sample were found to be much better performing as compared to the pristine
SIP sample.

Figure 6.4. Rate capability of a) SIP and b) SIP-C.
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Figure 6.5 presents the charge discharge curves of SIP and SIP-C for the first 5 cycles of
charging and discharging. The SIP-C sample shows two distinct plateaus above and below 3 V.
The SIP sample, however, did not show any distinct plateau above 3 V, possibly due to the large
internal resistance drop (as observed from the EIS spectra). The specific capacities of the SIP and
SIP-C samples were found to be 53 and 116 mAhg-1 at 0.1 C, respectively. This huge difference
in the capacity values could be attributed to the lower resistance of SIP-C as compared to the SIP
sample. Moreover, the reversibility of the SIP-C samples was found to be much better as
compared to the SIP sample by observing the first 5 cycles. (For the SIP-C sample, the charge
discharge curves seem to be overlapping for the first 5 cycles).

Figure 6.5. Charge discharge curves of a) SIP and b) SIP-C samples at 0.1C.

Figure 6.6 shows the first 5 CV curves of the SIP-C sample at 0.1 mVs-1. These curves show 2
distinct redox peaks, and the voltage hysteresis of these peaks also appears to be minimal,
representing good reversibility. In addition, the areas under the first 5 CV curves were found to
be similar, revealing its better stability.
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Figure 6.6. Cyclic voltammetry (CV) curves of SIP-C samples at 0.1 mVs-1 scan rate.

The cycling stability study (Figure 6.7) of 100 consecutive charge discharge cycles revealed that
the stability of the SIP-C sample was much better as compared to the SIP sample. The SIP
sample showed almost stable performance, even at the 1 C rate, while maintaining a capacity of
more than 90 mAhg-1.

Figure 6.7. Cycling study of a) SIP and b) SIP-C samples.
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Overall the electrochemical performance of SIP-C was found to be comparable to that of the
oleic acid treated SIP. Thus, the focus has shifted more onto anode material to fabricate the full
cell. HC and NTO were adopted as the anode materials in the present study.

6.3.3. Morphology and phase analysis of HC:
Figure 6.8a shows the typical XRD pattern of commercially obtained hard carbon. The pattern
has 2 broad peaks corresponding to the (002) and (101) planes, confirming the sample’s
amorphous structure. Figure 6.8(b) presents a FESEM image of the HC, which comprises large
and small irregular structures with a lateral length of < 10 μm. A closer view shows that the
surface of the HC was very smooth (inset of Figure 6.8b).

Figure 6.8. a) XRD pattern and b) FESEM image of HC (inset higher magnification image).

6.3.4. Electrochemical performance of HC:
The charge-discharge curves (Figure 6.9a) reveal a huge capacity loss after the 1st discharge
(possibly due to the solid electrolyte interphase (SEI) layer formation, electrolyte degradation,
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and other side reactions). Figure 6.9b shows the CV curves of HC at a scan rate of 0.1 mV s−1 in
the potential window of 0–3 V.

Figure 6.9. a) Charge discharge curves at 1 C and b) CV curves for the first 3 cycles (scan rate:
0.1 mV s-1) of HC.

The area under the first curve was observed to be very high as compared to the subsequent
cycles, indicating the large initial capacity loss and the low coulombic efficiency. This is one of
the main challenges for most of the carbon based anode materials for SIB applications. In order
to achieve better coulombic efficiency and better full cell performance, this capacity loss should
be addressed. Figure 6.10 reveals significant capacity loss from 700 mAhg-1 to 400 mAhg-1. The
HC system seems to be stable after 25 cycles and maintained a capacity of 240 mAh·g-1
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Figure 6.10. Cycling stability study of HC at 1 C.

6.3.5. Morphology and phase analysis of NTO:
The powder X-ray diffraction (XRD) spectrum (Figure 6.11) revealed the crystallinity of the
NTO samples. The peaks in the XRD pattern of the NTO (1:3) sample (Figure 6.11a) can be
indexed to PDF no: 00-014-0085, which represents a monoclinic crystal system with P21/m
space group.

Figure 6.11. XRD patterns of a) NTO (1:3) and b) NTO (1:6) samples.
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Figure 6.11b presents the XRD pattern of the NTO (1:6) sample with monoclinic crystal
structure (PDF no. 00-037-0951). Figure 6.12 presents FESEM images of the NTO (1:3) and
NTO (1:6) samples. Figure 6.12a (NTO (1:3)) demonstrates an irregular morphology consisting
of rod-like structures and flattened particles micron-scale and submicron dimensions.

Figure 6.12. FESEM images of a) NTO (1:3) and b) NTO (1:6) samples.

The FESEM image of NTO (1:6) (Figure 6.12b) shows a flattened particulate structure having a
broad particle size distribution. In order to improve the electronic conductivity of the NTO
samples, a small amount of CNTs were added.

6.3.6. Electrochemical performance evaluation NTO:
Like HC, the charge discharge of NTO (1:3) (Figure 6.13a) reveals a huge capacity loss after the
1st discharge. The sample also demonstrates a low initial coulombic efficiency of ~60%, but
there is a very distinct charging plateau around 0.39 V and a discharge plateau around 0.2 V.
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Figure 6.13. Charge discharge curves of a) NTO (1:3) and b) NTO (1:6) half cells.

The plateau around 0.8-0.9 V of the NTO (1:6) sample (Figure 6.13b), however, was not as
prominent as for NTO (1:3), but it maintained an initial coulombic efficiency of more than 82%,
and the initial capacity loss of NTO (1:6) was also observed to be less as compared to NTO (1:3)
and HC.

Figure 6.14. Charge discharge curves of a) NTO (1:3)-CNT and b) NTO (1:6)-CNT half cells.
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The charge discharge curves of the NTO-CNT samples are presented in Figure 6.. Both the
samples showed improved specific capacity as compared to the pristine samples. Moreover, the
CNT covered samples showed improved coulombic efficiency of 71% (NTO (1:3)-CNT) and
84% (NTO (1:6)-CNT) as compared to their untreated counterparts. Figure 6.15 shows the CV
curves of the CNT coated NTO samples at a scan rate of 0.2 mV s−1 in the potential window of
0–3 V. The area under the first curve was observed to be high as compared to the subsequent
cycles, indicating the initial capacity loss and the low initial coulombic efficiency. The
asymmetry of the redox peaks is more prominent in the NTO (1:3)-CNT (Figure 6.15a) as
compared to the NTO (1:6)-CNT (Figure 6.15b) sample. This could be the reason for the poor
cycling performance of NTO (1:3)-CNT (Figure 6.16a).

Figure 6.15. CV curves for the first 3 cycles of a) NTO (1:3)-CNT and b) NTO (1:6)-CNT half
cells.

The initial 50 cycles of consecutive charge-discharge of NTO (1:3)-CNT and NTO (1:6)-CNT
are shown in Figure 6.16. The NTO (1:3)-CNT sample showed a huge decrease in capacity over
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the cycle, while the NTO (1:6)-CNT sample demonstrated a slight increase in capacity as the
charge discharge cycling progressed.

Figure 6.16. Cycling stability curves of a) NTO (1:3)-CNT and b) NTO (1:6)-CNT half cells.

6.3.7. Full cell electrochemical performance evaluation:
The full cell performance was evaluated by taking SIP-C as the cathode and HC, NTO (1:3)CNT, and NTO (1:6)-CNT as anodes. The preliminary results showed that the stability of the cell
needs to be further optimized. Among the three full cells that were prepared, the maximum
capacity was obtained for the cell with HC as the anode (Figure 6.17a), although this set of cells
showed almost 50% capacity loss after the first cycle. Among the SIP-C/NTO full cells, the cell
with NTO (1:3)-CNT anode (Figure 6.17b) showed better capacity, while NTO (1:6)-CNT
(Figure 6.17c) demonstrated better coulombic efficiency. Nevertheless, all these full cells
suffered from poor capacity retention. It is anticipated that the solution lies in proper
modification of the electrode, potential window optimization, and mass balancing of both the
electrodes. The major existing issue for the commercialization of the SIB is the poor cycling
performance. Thus, extensive studies are required to obtain better full cell performance.
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Figure 6. 17. Charge discharge curves of a) SIP-C-HC, b) SIP-C-NTO (1:3) CNT, and c) SIP-CNTO (1:6) CNT full cells.
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Chapter 7
CONCLUSIONS AND FUTURE OUTLOOK

7.1. Thesis conclusion:
This doctoral work investigates different electrode materials for LIB and SIB applications. The
main agenda was to fabricate a low cost, stable battery system and understand the underlying
electrochemical properties of the materials. All these prepared cathode systems have a
NASICON type structure, which ensure better ionic conductivity through the 3D pathways. In
the first part, the Li3V2(PO4)3 (LVP) was prepared by a microwave solvothermal process
followed by the lyophilization technique, rGO was used as the conducting carbon phase to
enhance the electrochemical properties of the LVP system. The optimized LVP-rGO system
showed superior electrochemical performances in such aspects as 1) high speciﬁc discharge
capacity of ~192 mAh g−1 at 0.5 C and 2) excellent cycling stability, with no fading at 0.5 C and
at 1 C at the end of 1000 and 5000 cycles, respectively, and retained ~96.2% of the initial
capacity, even after 10 000 cycles of charging and discharging at 20 C. The reason for this highrate cycling stability, in particular, was found to be the structural stability of the LVP-rGO 3D
porous network, as determined by the SEM images and SAED patterns after 10 000 cycles of
charging and discharging at 20 C. Therefore, the microwave-assisted solvothermal process
followed by the lyophilization technique can be a promising technique to achieve a high-rate and
stable composite material for battery applications. For large-scale production, however, these
processing techniques need to be further optimization.
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In the second part, the realization of the increasing energy demand and depletion of lithium
resources motivated the present study towards the sodium ion batteries (SIBs) as an alternative
energy storage system. In this part, the possibility of Na3V2 (PO4)3 as a cathode material for SIBs
was first explored. This study profitably exploits in-situ grown reduced graphene oxide on threedimensional Na3V2 (PO4)3 (SVP) matrices exhibiting high rate performance and a specific
discharge capacity of 117 mAh g-1. The SVP-rGO system exhibited more than 85 % capacity
retention after 6000 cycles at 10 C. This work also investigated in-depth the outstanding
sodiation/desodiation capabilities with the low hysteresis voltage and how these electrodes could
be used for deep discharge by extending the potential window to 1.3‒3.8 V (vs. Na/Na+),
resulting in an enhanced specific capacity of ~ 165.4 mAh g-1 at 1 C. The SVP-rGO NASICON
system prepared by the microwave hydrothermal technique followed by annealing could be a
practical solution for future SIB applications. Even though the SVP-rGO system showed
promising electrochemical properties, scaling up and subsequent full cell fabrication were not
performed using this system, mainly because of the high production cost associated with the
vanadium precursor.
In order to allow industrial production, the materials must be made of environmentally friendly
and have abundantly available raw constituents. Thus, the development of cost-effective and
earth-abundant electrodes for the storage of electrical energy is considered to be an important
technology. It is realized that the utilization of sodium and iron will be an ideal solution for
large-scale energy storage devices. Hence, this part of the study benchmarks a new class of
materials based on NASICON-type Na3Fe2(PO4)3 as cathodes for SIBs. This electrode system
achieved > 96% capacity retention after 200 cycles at 1 C by creating a percolating network of
conducting carbon along the Na3Fe2 (PO4)3 matrix. In this section, we also present an in-depth

160

explanation of this outstanding Fe3+/Fe4+ reversibility inb the three-dimensional (3D) NASICON
structure, and provide new insights on how these electrodes can be used at higher operating
voltages. By extending its potential window to 1.5‒4.2 V (vs. Na/Na+), the result is a noteworthy
specific capacity of ~109 mAh g-1 at 0.1 C. These findings also open up the possibility to exploit
the Fe3+/Fe4+ redox couple in different iron-based materials for developing future cathode
materials for rechargeable batteries.
Even though the electrochemical performances of LVP and SVP systems are very promising for
the future energy demands, we have opted SIP-C cathode materials for further scaling up and full
cell fabrication, due to the environmental friendly, cost-effective and earth-abundant nature.
Thus, in the last part, the scaling up of the SIP-C system was performed. In this part, two
different anode systems were also explored. The hard carbon (HC) showed superior capacity, but
the initial capacity loss was found to be very high. For the sodium titanate system (NTO), the
specific discharge capacity was observed to be less; however, the initial capacity loss was much
less as compared to the HC anode. Full cells were fabricated by keeping the SIP-C electrode as
the cathode and adopting HC and NTO were opted as the anode. The preliminary results for the
full cell showed a capacity of ~50mAh g-1 for the SIP-C/HC system and ~ 25 - 35 mAh g-1 for
the SIP-C/NTO system. In the full cell aspect, the HC system was found to be better performing
in terms of capacity, although further optimizations are required to obtain the maximum
performance in the full cell format.

7.2. Future outlook:
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Extensive full cell studies have been carried out by many research groups. The studies have been
restricted to the laboratory scale, however, due to the pre sodiation difficulties for the electrode
material in the larger/ commercial cell aspect [1-5]. So, the necessity of understanding the indepth electrochemical mechanism on the anode side should be of the highest importance. Also, it
is very important to understand the basic mechanism involved in the structural evolution of
electrode materials in a working SIBs. In-situ studies like neutron and synchrotron diffraction
techniques are considered to be powerful tools for understanding the structural variations of the
anode/cathode systems during charge/discharge processes. These techniques are also beneficial
to understand the in-depth reason for the irreversible capacity loss on the anode side and the
measures needed to overcome this disadvantage. Thus, these in situ techniques are very crucial
for the future development of sodium ion battery systems. The modulation of anode and cathode
material mass is also an important aspect to obtain the optimal full cell performance. Apart from
the HC and NTO anodes there are other different anode systems which have already shown good
half-cell performance, (e.g. metal oxides, sulfides, alloys etc.) and could also be a proper choice
for the SIP-C system [6-23]. A deep understanding and extensive half-cell studies would be
required, however, prior to the full cell fabrication. The optimization of the anode and cathode
would be ideal in coin cell format. The large cell formats such as cylindrical cells, pouch cells,
and prismatic cells can be adopted after the optimization of the full coin cell format.
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